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Many animals provision their offspring prior to birth by allocating resources to them. 
In mammals resources are transferred through the placenta, in birds resources are 
transferred into the yolk. These resources are known as maternal effects as they 
impact on the offspring post birth and are not just a product of a mother's genetics 
but of her environment too. Maternal effects can be highly beneficial to the offspring, 
for example, mothers can transfer protection (maternal antibodies) to pathogens she 
has come into contact with, which can provide offspring with protection prior to their 
immune system being fully developed. However, there is variation in transfer of 
maternal antibodies between and within individuals. Production of offspring/ eggs 
can be costly to a mother, therefore uneven allocation of resources to different eggs 
or clutches can occur to increase a mother’s chance of producing successful 
offspring. A number of factors can affect the level of allocation eggs and clutches 
receive; male traits, position within a clutch, breeding attempt and offspring sex, 
along with other environmental effects.  
In this thesis, I investigate how parent traits impact on maternal allocation within and 
across reproductive events. I use a laboratory based experiment using Chinese 
painted quail (Coturnix chinensis), a small game bird, to examine the role that 
mothers and her mates play in clutch traits including the level of antibodies 
individual eggs receive. Maternal effects are an important source of resources for 
offspring. Exploring in detail the factors which can affect them will lead to a better 
understanding of female’s ability to allocate to offspring differently depending on the 










Maternal effects are important mechanisms by which mothers’ may influence the 
phenotype of their offspring. Females may vary in the resources they can provide during 
offspring development and understanding the factors responsible for this variation is key 
to understanding offspring success- in early life as well as later life. Differential 
allocation has been reported to occur, however how it impacts on offspring and mother’s 
future reproduction still remains unclear. This is also true for maternal transferred 
substances like maternally transferred immunity. Contributions to date have been limited 
to snapshots in time, mean level of transfer and/or limited information regarding other 
maternal traits. For my thesis, I aim to further the understanding of maternal allocation 
effects and explore the transfer of maternal antibodies over an immune response of a 
mother, across multiple breeding attempts and accounting for embryo, maternal and 
paternal traits. Furthermore, I determine the effect of key male traits on general egg traits 
along with maternal antibodies. I examine this at the individual level using Chinese 
painted quail (Coturnix chinensis) who are prolific layers and sexually dimorphic.  
To date the majority of differential allocation studies have not necessarily 
addressed the assumptions of differential allocation theory. In Chapter 2 of this thesis I 
attempt to address some of these assumptions and explore the impact of male 
characteristics across a number of clutches and find separate effects of initial pairing and 
subsequent pairings. I found that mothers can create, by differential allocation, clutches 
of varying size but egg components (egg mass) appears to be largely influenced by initial 
clutch pairing and not by paternal traits. Furthermore, the effect on egg mass appears to 
be a secondary effect mediated by females adjusting their condition based on their initial 
pairing. I demonstrate that unlike general clutch traits (clutch size, egg mass) maternal 
antibodies are not affected by male characteristics (Chapter 3) carry-over effects of egg 
size means antibody levels may be influenced throughout life by early experiences. 
However, maternal immune response may be detrimentally linked to viability of 
offspring. Whereas maternally transferred antibodies appear to have no relationship with 
maternal or paternal traits, oocyte yolk antibodies during development were found to 
correlate with female antibodies up to 48hr prior to lay. In Chapter 4, I examine a 
neglected area regarding maternal effect- exploring variation between female in their 
transfer of antibodies. Individual females were highly consistent in the relative level of 
specific blood antibodies transferred to eggs across different phases of their immune 
response, across challenge types (bacterial and viral) and that some females consistently 
transfer significantly more than others. The relative level of circulating antibody 
transferred was independent of the individual’s overall strength of antibody response and 
related to the female’s body condition (while the individual’s own antibody responses 
were not). We found no evidence for any trade-offs between the amount transferred and 
overall reproductive investment in this chapter. In Chapter 5, I discuss the wider 
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A fundamental aim of biology is to understand why individuals vary in their health 
and fitness. An individual’s genotype will obviously play a major role however 
recent research has emphasised the importance of the developmental environment in 
determining how traits are expressed throughout an individual’s life. Mothers, in 
particular, play a key role in shaping early developmental conditions for offspring 
and it has recently become apparent that mothers can vary widely in the pre-natal 
environment they provide (Mousseau and Fox, 1998b). Recent studies have 
demonstrated that the nutritional, hormonal and immunological environment created 
by the mother for a developing embryo can be influenced by a diverse range of 
factors, such as choice of partner, levels of stress, and exposure to disease. Such 
maternal effects are now known to impact on offspring throughout their life 
(Mousseau and Fox, 1998b, Myatt, 2006). The exact mechanisms governing these 
effects remain unclear. Furthermore, despite a large number of studies now 
demonstrating a female’s embryonic investment may be altered under particular 
conditions, there is little information on how long these effects persist, the 
consequences for such changes for current and subsequent offspring or the 
consequences for maternal survival and health. Understanding why differences in 
early provisioning may occur, what mechanisms are involved and what the 
consequences are for different offspring produced across a female’s lifetime is now 
key to understanding the impact of maternal effects on individual health and fitness.  
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1.2 Provisioning of offspring  
1.2.1 Provisioning and maternal effects  
Many species produce offspring that are highly vulnerable after birth. The success of 
these offspring can depend on many external factors, such as environmental 
conditions, food availability, levels of infection and social environment. Conversely, 
the effect of these factors on offspring can be dramatically changed by the care 
provided by the parents and post-natal care strategies have been widely studied 
(Royle et al., 2012). In a range of taxa, including birds, mammals, fish, insects, 
reptiles and amphibians, provisioning of offspring can also occur prior to birth. 
Mothers can provide a range of nutritional, immunological or hormonal resources 
which can either provide direct benefits to the offspring and/or allow the offspring to 
concentrate their own resources on processes such as growth and development 
(Grindstaff et al., 2003). Females in a population may vary widely in the level of 
resources they transfer to their offspring. Part of this variation may have a genetic 
basis; egg size for example, is a key trait in determining the level of resource a 
mother allocates to her young and has a strong genetic component (Christians, 2002). 
However, egg size may also reflect the environmental conditions a female has faced 
during her lifetime (Christians, 2002). Maternal effects, whereby the overall 
phenotype of a mother can directly affect the phenotype of her offspring, 
independently of the offspring’s own phenotype, can account for a significant 
amount of variation in offspring traits (Wilson et al., 2005). It has therefore been 
suggested that they should be explored independently of other environmental or 
genetic effects (Mousseau and Fox, 1998a). Recent work has focused on exploring 
the transfer of specific components of the embryonic environment that are thought to 
be beneficial, or even crucial, for offspring development and success: in birds, for 
example, higher levels of maternal antibodies in eggs can impart greater protection to 
offspring from disease before their own immune system is fully developed (Rose and 
Long, 1971), higher androgen levels in eggs can be important in establishing social 
rank of chicks in the nest (Pilz et al., 2003), greater transfer of a range of nutrients 
can improve offspring survival to hatching (Wilson, 1997) and a higher level of 
transfer of antioxidants to the egg can induce greater antioxidant activity in chicks 
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after hatching, which have been known to prevent cell damage and can act as a 
immunostimulant (Blount et al., 2002). However, in some circumstances, maternal 
effects can have a negative impact on offspring development. For example, mothers 
with elevated levels of stress hormones can transfer higher levels of corticosteroids 
or glucocorticoids to offspring, which can result in decreased birth weight 
(Newnham et al., 1999) or learning ability (Braastad, 1998). There may therefore be 
an optimal amount of allocation for any particular component for any individual. 
 
Maternal effects generally have a substantial impact on the early phases of offspring 
development, but maternal provisioning during pre-birth stages can also have longer-
lasting effects. For example, the effect of vaccinating mothers can be detected in the 
immune response of their offspring in adulthood, long after maternal antibodies have 
degraded (Reid et al., 2006). Given that maternal effects can shape an individual’s 
phenotype across their different life stages, maternal effects are of fundamental 
evolutionary importance. By combining with the influence of offspring genotype, 
maternal effects play a key role in generating a range of individual phenotypes in a 
population on which selection may act. Consequently, maternal effects can 
contribute to evolutionary change in the population by both accelerating or 
dampening genetic effects (Räsänen and Kruuk, 2007).  
 
1.2.2 Maternal effects, life-history and differential 
allocation theory 
Maternal condition can be a key aspect determining the level of transfer of resource 
that can be transferred by a mother to offspring. However, many species reproduce 
multiple times throughout their life and parents must therefore balance how much 
they invest in any given breeding attempt in relation to the impact this may have on 
their own survival and their ability to invest in future mating opportunities. Life-
history theory predicts that parents should alter their reproductive investment in 
relation to both the likely pay-off from the current breeding attempt and the expected 
pay-off that might be obtained from future reproductive events (Stearns, 1992). 
Natural and sexual selection is therefore expected to have acted on allocation 
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strategies that maximise a female’s reproductive success across her life. Prenatal 
allocation has been predicted to vary in relation to the value of offspring being 
produced, with greater investment expected in more valuable offspring to maximize 
the return on the amount invested across a female’s lifetime. Offspring may vary in 
their value to the mother either because offspring vary in their chance of survival 
and/or in their likely success in reproduction. This may vary with their paternity (as 
fathers may differ in resources which they provide, or the genetic traits they confer to 
their offspring); their sex (as sons and daughters often differ in their requirements or 
likely success in a given set of circumstances) or their position in any family 
hierarchy (as siblings in different positions may differ in their prospects from other 
siblings). There has been particular interest in how allocation patterns may covary 
with male traits as these responses may not only have a direct impact on offspring 
fitness but alter the strength of sexual selection on male characteristics.  
 
1.2.3 Differential allocation in response to different males 
Under the differential allocation hypothesis (Burley 1986), females are predicted to 
adjust the amount of resources they allocate to offspring in response to male traits 
that relate to the value of a breeding attempt. Males may vary both in the direct 
material benefits they provide and/or the indirect genetic benefits they may pass on 
to their offspring; if these benefits are sufficient to compensate for any cost that 
females may incur by increasing their level of investment then differential allocation 
should occur. In Burley’s classic study she experimentally manipulated male 
attractiveness to females by giving males either a red or green leg band (females 
prefer more red males in this species) (Burley and Coopersmith, 1987)) and found 
that females altered their reproductive allocation in response to this experimentally 
manipulated cue (Burley, 1986, Burley, 1988). Other studies have since gone on to 
show similar patterns of resource allocation in response to manipulation of male 
traits that are favoured by females (Table 1.1).  
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Differential allocation is usually considered to describe an increase in allocation for a 
preferred partner, but in long lived species it may also be beneficial to decrease 
allocation to less preferred partners if there is a high chance of securing a better 
partner in the future and resource allocation constrains female breeding in the 
following year. In a study of the blue-footed booby (Sula nebouxii) females produced 
smaller eggs when paired to males that had been experimentally manipulated to be 
less attractive compared to females paired with either controls or males manipulated 
to be more attractive. This implies that females reduced rather than increased 
reproductive allocation when faced with attractive or unattractive males in this study 
(Velando et al., 2006). Both these forms of DA have a similar effect however, in that 
they result in a positive correlation between a male trait value and levels of 
allocation. 
 
However, an alternative pattern of allocation can also occur where females actively 
increase allocation for offspring of less preferred partners. This phenomenon is 
known as reproductive compensation (RC). The term was originally used to explain 
the tendency for parents to invest in maintaining a given family size when offspring 
are lost (and hence why deleterious recessive alleles that lead to such losses may 
persist more than expected) (Overall et al. 2002), however it has more recently been 
used to describe how females might allocate resources to compensate for situations 
where females have no choice but to pair with a less preferred partner; reproductive 
compensation is used to reduce any negative effects of this mating on her 
reproductive success (Gowaty et al., 2007). This can lead to different consequences 
as RC results in a negative correlation between a male trait value and levels of 
allocation. Positive differential allocation to preferred male therefore reinforces 
sexual selection on a trait and may overestimate genetic contributions if not 
accounted for (Räsänen and Kruuk, 2007). Reproductive compensation may reduce 
the selective pressure on preferred traits and potentially mask the importance of 
genetic contributions.  
 
The majority of studies have found positive correlations between male trait values 
and levels of investment to be more prevalent than reproductive compensation (Table 
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1.1) and the first comparative studies have suggested a theoretical prediction that 
females will on average invest more in mating with a preferred partner compared to 
less preferred partners and that allocation in the opposite direction (RC) is likely to 
be rare (Horvathova et al., 2011). However, there are cases where both patterns have 
been reported in the same species; in zebra finches for example, six different studies 
have found females lay larger eggs or more eggs for preferred males (Arct et al., 
2010, Balzer and Williams, 1998, Burley, 1986, Gil et al., 1999, Gilbert et al., 2006, 
Holveck and Riebel, 2010) while one has found a pattern consistent with 
reproductive compensation with females producing larger egg volumes with less 
attractive mates (Bolund et al., 2009); in the mallard three studies have found 
females laid larger eggs when paired to preferred males (Bluhm and Gowaty, 2004b, 
Cunningham and Russell, 2000, Giraudeau et al., 2011) but one found patterns 
consistent with reproductive compensation in some older females that hadn’t mated 
previously (Bluhm and Gowaty, 2004a); and in the blue tit- two studies have found 
feeding rate to be greater for offspring from preferred mates (Johnsen et al., 2005, 
Kingma et al., 2009) but one study found clutch size to decrease when with preferred 
males consistent with reproductive compensation (Delhey et al., 2007). 
 
There are a number of possibilities that may explain why findings may vary between 
these studies: for example, maternal age may change an individual’s physiology or 
the pay-offs obtainable from different allocation choices; Previous reproductive 
experience may determine future reproductive allocation; maternal condition may 
constrain a female’s ability to differentially allocate and resource availability may 
also influence level of resources available to reproduction. Some authors have also 
examined how allocation varies between different individuals when they lay a single 
clutch and others have looked at allocation by the same female across several 
clutches (Table 1.1). Both are important in examining allocation decisions and their 
consequences, but to directly test the differential allocation theory, namely that 
individual females should vary their allocation between males of different 
preference, the latter approach is required. Studies are now required to investigate 
what underlying differences in breeding conditions can induce these very different 
reproductive strategies in different populations of the same species. 




Very few studies have looked at differential allocation across a significant proportion 
of a breeding lifespan or the consequences of these allocation decisions on offspring 
or female success. Without an appreciation of how differential allocation might 
affect a female’s offspring over her lifetime reproductive output, it is difficult to 
draw conclusions about whether this phenomenon is adaptive. Many studies that find 
evidence for differential allocation assume that it is. However, only a few studies to 
date illustrate the consequences of allocation for maternal productivity (Bluhm and 
Gowaty, 2004b) or offspring traits that are likely to be associated with survival 
(Cunningham and Russell, 2000, Gilbert et al., 2006). 
 
Female allocation decisions have generally been assumed to be under female control 
and that resources should be distributed in a way that will maximize their 
reproductive success. However, differential allocation decisions also have to be 
viewed in relation to the interests of the other parties with a genetic interest in any 
given breeding attempt. There may be conflicts of interest over how resources are 
allocated between males and females and between parents and offspring and 
allocation decisions are likely to reflect elements of this conflict and may or may not 
be at the optimal level for any of the parties involved. If females are likely to produce 
offspring of mixed paternity over her lifetime, males may attempt to maximise their 
short term fecundity when his eggs are being fertilised and induce females to invest 
in reproduction to a greater extent than may be optimal for female fitness. For 
example, male seminal fluids in Drosophila melanogaster are known to increase a 
females egg output in the short term; this benefits the male who has most recently 
mated but females incur associated costs that decreases their lifespan (Chapman et 
al., 1995). These differences in optimal allocation can lead to conflict and depress the 
reproductive rate of both parties involved (Eldakar et al., 2009). Conflict may also 
occur between parent and offspring as any individual offspring is likely to want a 
greater share of resources than a mother may want to give, as she may benefit more 
from partitioning resources between other offspring and her own condition to 
facilitate future breeding events. The expression of paternally and maternally derived 
genes in offspring, for example can function antagonistically whereby offspring 
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genes function to gain increased resources from the mother while maternal genes 
may function to resist offspring demand (Haig, 2000). Such conflicts may further 
impact on patterns of allocation and the consequences they have for the success of 
different offspring. 
 
1.3 Differential allocation of specific components of the 
embryonic environment 
Many studies of differential allocation have focussed on overall allocation decisions 
as reflected by changes in egg mass or clutch size. However, how these decisions 
affect the relative allocation of different egg components remains unclear. If, for 
example, egg size is increased, are all egg components increased in equal proportion 
or do some components contribute more to these differences than others? 
Furthermore, might individual egg components vary between breeding attempts 
irrespective of any changes in egg size or number. Different components of the 
embryonic environment such as nutrients, antioxidants, antibodies, carotenoids, 
corticosteroids and androgens can have a major impact for offspring both early in 
development and later in life (Mousseau and Fox, 1998b). For example, 
experimentally injected androgen in eggs has been found to increase bouts of 
aggression and dominance status in Black-legged Kittiwakes (Rissa tridactyla) 
(Muller et al., 2012) and prenatal corticosteroid (stress hormone) exposure has been 
found to affect foraging behaviour in Japanese quail (Coturnix japonica) (Boogert et 
al., 2013). It is now clear that choice of partner may also influence these individual 
components in a number of different ways (Gil et al., 1999, Saino et al., 2002a). One 
major component that can have a major impact on offspring success is the transfer of 
maternal antibodies. 
 
1.4 Maternal antibodies 
When an animal encounters a pathogen in the environment, physical barriers are a 
very simple yet effective part of the immune system: for example the skin and 
mucous membranes present in the digestive and respiratory tracts can block many 
microorganisms from infecting an individual, and serve as an important first line of 
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defense.  However when an antigen (toxic or foreign substance) gets past these 
barriers, other parts of the immune system are required to prevent damage.  
The avian immune system is similar to that of the mammalian immune system, in 
that antigenic stimulation instigates an immune response that requires cellular 
components, such as macrophages, B-lymphocytes and T lymphocytes (Sharma 
1991).  Macrophages process the antigen and present it to the lymphocytes.  B-
lymphocytes are the mediators of the humoral immune system, when signalled they 
change to plasma cells and produce specific antibodies, which are present in the body 
fluids.  These antibodies (proteins) bind to the antigen and prevent it from entering 
cells, and signal for its removal by macrophages.  T lymphocytes are part of the cell-
mediated immune system, and their function is mediated by lymphokines. 
Antibodies are a very small component of the immune system, although they are a 
part of the acquired immune system, which has been shown to transfer directly to 
chick via the egg.  Antibodies are part of the acquired immune response due to their 
response to specific pathogens.  Antibodies bind to a specific antigen of the 
pathogen, preventing it from entering a cell. They also signal removal of the antigen 
by macrophages.  Acquired immunity can be further subdivided into two groups, 
passive and active.  Passive immunity is when the immune system of the individual 
being challenged with an antigen is not stimulated. Instead, immunity (like 
antibodies) has been transferred to them; for example maternal antibodies, which are 
present in the egg prior to birth.  With active immunity, the immune system of the 
individual being challenged is stimulated, causing an immune response. On the first 
encounter it is slow and mild (primary response); non cellular by the B lymphocytes 
and cellular by the T lymphocytes.  Active immunity leads to memory of a pathogen, 
resulting in a faster and better response in subsequent exposures (secondary 
response).  
 
Antibodies play an important role in defence against many kinds of pathogen and the 
antibody response in a female who is reproductively active and producing offspring 
can be transferred directly to the developing embryo prior to birth. Such immune 
protection is known as passive immunity as the immune system of the individual 
receiving the antibodies is not being stimulated itself by an antigen. The maternal 
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effect of transferring immunity to offspring is widespread throughout different 
animal groups including mammals, birds and invertebrates (Boulinier and 
Staszewski, 2008). In mammals, these substances can be transferred directly from the 
mother prenatally through the placenta and post-natally through the colostrum (first 
milk) and continued milk (Glezen, 2003). For example, in humans maternally 
transferred antibodies have been linked to early life protection from parasites such as 
malaria (Fried et al., 1998). In birds, most substances (including maternal antibodies) 
are transferred to the yolk when the egg is in oogenesis (Rose and Long, 1971) 
before sperm reach the egg and fertilisation takes place and prior to other egg 
components such as the albumen and shell being added. These antibodies will be a 
mix of general protection molecules that are always present but may also include 
more specific molecules raised in response to a specific set of pathogens that have 
been encountered by a mother. They will therefore often represent the pathogen 
environment the offspring are likely to face when they are born. Paternal antibody 
levels do not seem to correlate with egg and chick antibody levels, and authors have 
suggested there is no vertical transfer of immunity from the father (Gasparini et al., 
2002). 
 
1.4.1 Benefit of maternal antibodies 
In birds and mammals, the immune system only develops after birth, so offspring are 
at high risk from pathogens in the period immediately after birth. Young animals 
focus a considerable amount of energy into growth, such that at this stage the impact 
of mounting an immune response may incur high costs. Maternal antibodies can 
reduce the cost of immune defence (Rose and Long, 1971, Staszewski et al., 2007b). 
In addition, equipped with maternal antibodies, offspring are prepared with specific 
defence for the pathogen environment they are being born into. This transfer of 
specific antibodies can play an important role in the survival of populations during 
epidemics, and surviving early infection can lead to long lasting protection for 
individuals (Navarini et al., 2010). It is believed that this is because energy that 
would be used to mount an immune response is conserved, and therefore energy is 
directed toward development instead (Grindstaff et al., 2003). Offspring with 
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maternally transferred antibodies can show increased growth and earlier fledging 
compared to offspring without maternal antibodies (e.g. Grindstaff, 2008). Offspring 
survival has also been noted to be positively affected by maternal antibody transfer; 
Heller et al., 1990 for example, concluded that there was a correlation between hens’ 
antibody titre and the percentage of the progeny that survive.  
 
1.4.2 Cost to the mother of maternal antibody transfer  
The immune response is generally thought to trade-off with other life history traits 
and have a substantial cost on both survival (Hanssen et al., 2004) and future 
reproduction (Ardia, 2005). When female birds are producing eggs, their circulating 
antibody levels increase compared to non-laying individuals (Klasing, 1998). This 
may occur due to the additional antibody requirement for the transfer of maternal 
antibodies to offspring while needing to maintain a certain level of circulating 
antibodies for their own immunity. In birds, much of the early literature from poultry 
science suggests the level of antibody transfer is invariant and that females 
consistently transfer approximately 20% of their circulating antibody level to each 
egg produced (Brambell, 1970). Due to the increased antibody production by 
mothers and transfer to eggs, antibody transfer is believed to be negatively related to 
female condition, with resource limitation (impacting on female condition) stated as 
a mediator of variation in maternal antibody transfer (Grindstaff et al., 2003). 
However, the main body of evidence to support this suggested trade-off between 
condition and maternally transferred immunity has found mixed results from positive 
correlations between maternal antibody transfer and female condition under both 
natural conditions (Hargitai et al., 2006) and supplemented food conditions (Pihlaja 
et al., 2006), to a negative relationship under supplemented food (Gasparini et al., 
2007) and no effect under supplemental feeding (Grindstaff et al., 2005). This 
suggests that there is no direct/simple trade-off between immunity and condition and 
that, the relationship between the two is likely to depend on the environment which 
the individual is experiencing at the time and the pathogens and resources it 
encounters.  
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1.4.3 Variation in transfer (passive or active) 
Like other maternal effects, maternal antibody transfer was previously believed to be 
a passive process reflecting circulating levels of antibodies of the mother when the 
egg was produced (Kowalczyk et al., 1985). However, a large number of studies 
have now reported different levels of maternal antibodies in eggs consistent with 
variable levels of female transfer (Blount et al., 2002, Saino et al., 2002b, Muller et 
al., 2004, Grindstaff et al., 2005, Pihlaja et al., 2006). Moreover, a number of studies 
have put forward evidence for variation in maternal antibodies that may not reflect 
the mother’s antibody (based on a limited number of maternal blood samples at 
various points throughout reproduction) (Saino et al., 2002b, Hargitai et al., 2006, 
Martyka et al., 2011), suggesting that females could actively vary the level of 
antibodies her offspring receive. While a considerable amount is known about how 
individuals generate their own immune response, far less is known about 
mechanisms underlying the transfer of this immune response from mother to 
offspring or, indeed, how they co-vary with a female’s ability to generate an immune 
response in the first place. 
 
1.4.4 Maternal allocation of antibodies (differential 
allocation) 
Whether active or passive, the transfer of large numbers of antibodies to offspring is 
likely to be an expensive process for the mother, with trade-offs against other life 
history traits such as reproduction or survival (Sheldon and Verhulst, 1996). Thus, 
females are expected to make decisions on allocating antibodies to offspring based 
on offspring value and her condition (see Section 1.2.2). Exploration of paternal 
traits on maternal antibody transfer has only been explored in a handful of studies 
(Saino et al., 2002b, Hargitai et al., 2006). While Saino et al. found evidence to 
support differential allocation theory on maternal antibody allocation, Hargitai et al. 
did not, and given the small amount of literature published to date, no clear patterns 
are visible. Variation in antibodies may occur via several different mechanisms: 1) 
female immune response may vary when paired to different males and this may 
passively be reflected in offspring produced, 2) females may actively transfer more 
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or less antibodies to offspring of a given male 3) females may vary their allocation in 
egg traits when paired to different males and antibody level or concentration varies 
as a result e.g. if females lay larger eggs do they produce more antibodies to keep the 
concentration level the same or the same level of antibodies but their concentration is 
therefore proportionately lower? To fully understand how males may influence 
female allocation of antibodies studies need to consider the level of antibodies 
present in the female when she is laying eggs and control for other forms of 
differential allocation that may be occurring 
 
 In the past it has been quite separate fields of research with separate bodies of 
literature that have investigated the roles of differential allocation and maternal 
antibodies on offspring success, and as yet, there is no overall understanding of how 
these allocation mechanisms interact.  
 
1.5 Industry 
Due to the benefits seen in the early life of individuals with maternally transferred 
antibodies, this process has been harnessed as a vaccination strategy in the poultry 
industry (Wallach et al., 1992, Ziomko et al., 2005). A vaccine is used to induce an 
antibody response in the mother, and these antibodies are transferred to all the hen’s 
chicks while she is responding to the vaccine, protecting them from the pathogen in 
early life (Goddard et al., 1994, for review see, Wallach et al., 1995). This type of 
prophylactic approach is thus economically favourable, and also allays concerns over 
drug use to control disease. For example, for control of Eimeria (the protozoan 
parasite responsible for coccidiosis in avian species), medicating individuals through 
feed was standard practice, but resistance is emerging (for review see, Chapman, 
1984). Studies into vaccinations have directed the industry towards taking advantage 
of the mechanism of maternally transferred antibodies to prevent infection in the first 
place (Wallach et al., 1992, Ziomko et al., 2005). This process has also been used to 
produce vaccines collecting antibodies present in the eggs (Schade et al., 1991). 
Selective breeding on the basis of female immune responses have been considered as 
a means of maximising levels of immune protection in the poultry industry. 
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However, whether the mechanisms of higher levels of maternal substances in chicks 
are due to a greater transfer (of maternal antibodies or other resources), or greater 
circulating levels in the mother (for example antibody levels), is still undetermined 
(for review see, Boulinier and Staszewski, 2008). 
 
1.6 Study system 
In this thesis, I investigate how females allocate resources in response to different 
partners under different pathogen environments created by vaccination over the 
major part of their reproductive lifetime. I examine these questions in a laboratory 
setting using domesticated Chinese painted quails (Coturnix chinensis) which is an 
ideal model system for these types of question. The Chinese painted quail is a small 
game bird in the Phasianidae family, found from India to South East Asia. Quail, like 
other egg producing species, produce an embryonic environment external to the 
mother in the form of an egg, containing everything that is required by the young 
bird from fertilisation until hatching and therefore exploration of maternal effects can 
be less invasive than in species with internal development. Quail are precocial so 
there are also no confounding effects of parental provisioning post birth and although 
socially monogamous, frequently mate switch between breeding attempts (Hoyo et 
al., 1992) so are likely to face allocation decisions at each breeding attempt. As in 
other avian species, females store sperm following copulation. Maximal sperm 
storage length in this species has been estimated to be 7 days ± 2.09SD (Cunningham 
et al. unpublished data). Wild type males and females are sexually dimorphic, with 
male plumage containing a black and white proportion on the neck area referred to as 
a badge. Different females use this cue to base decisions on how to allocate to their 
first clutch when mated to different males (Uller et al., 2005). Females produce large 
clutches (~ 9 eggs) over a number of days (Hoyo et al., 1992) and eggs hatch 
synchronously and can be artificially incubated with high hatching success. They are 
particularly useful for exploring life-history questions as they have a relatively short 
life span of one to three years, and adapt easily to captive conditions with their small 
size (40-85g), low aggression and reproductive success in captivity (Tsudzuki, 1994). 
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Quail also respond to vaccines produced for common diseases affecting poultry and 
other wild species and tools are already available to quantify antibody responses.  
 
1.7 Aims and outlines for thesis 
The overall aim of this thesis is to explore factors which affect prenatal provisioning 
levels within and between reproductive events and the implications this may have for 
parent and offspring success. I first look at overall differences in allocation in terms 
of egg size and egg number and then more specifically at maternal antibodies 
following different types of immune challenge by vaccination. In Chapter 2, I firstly 
investigate the impact of male characteristics on female allocation decisions across 
several different breeding attempts and examined the consequences of initial 
allocation decisions on subsequent decisions and the associated implications for 
offspring success. I then looked at the impact of these decisions on embryonic 
growth and viability. Finally, I also examine variation between females in their 
ability to allocate resources and its potential consequences on maternal condition. In 
Chapter 3, I ask whether antibody transfer can vary according to partner’s traits 
within a clutch, explore the mechanisms by which this might occur and address the 
issue of differential transfer between offspring sexes by using a novel technique to 
measure egg antibody levels before and after incubation. In this chapter I also 
explore potential costs of maternally transferred antibodies and production of 
circulating plasma antibodies on female condition. In Chapter 4, I investigate 
between-individual variation in females’ ability to transfer antibodies to their 
offspring. Furthermore, I determine how repeatable this is across different immune 
challenges and explore whether the ability to transfer antibodies relates to various 
female fitness traits. In Chapter 5, I discuss the broader implications of my findings, 
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2.1.1 Differential allocation (DA) theory 
Early environmental conditions can play a key role in determining offspring success. 
In most cases this environment is created by the mother who must allocate a range of 
resources to each of her offspring. Throughout life, females must therefore partition 
resources between their own self-maintenance and different reproductive events over 
their lifetime. For a female’s reproductive success, her choice of partner can play a 
major role, both via direct material benefits he may provide and the genetic traits he 
passes on to her offspring (Andersson, 1994). Life history theory would therefore 
predict the relative costs and benefits of different allocation strategies to vary with 
different mating partners, and that plasticity in allocation decisions could potentially 
maximise maternal and offspring success (Mousseau and Fox, 1998b). The 
adjustment of reproductive allocation to offspring arising from mating with different 
males is known as differential allocation theory (Burley, 1986). Differential 
allocation (DA) theory was first demonstrated by Nancy Burley who showed that 
females allocate more resources to offspring of preferred mates in zebra finches 
(Taeniopygia guttata), and that this allocation could be manipulated experimentally 
by altering the perceived attractiveness of the partner. Differential allocation, 
whereby females invest more in a reproductive event with some males over others 
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2.1.2 Potential benefits arising from initial mate choice 
There are two broad types of benefit females can receive from their mate that could 
influence female allocation decisions– direct material benefits and /or indirect 
genetic benefits which impact on offspring fitness and therefore impact on female 
reproductive fitness indirectly. These may be signalled via male traits that can be 
assessed by females making allocation decisions. Direct benefits such as courtship 
gifts, access to resources on a high quality territory or even protection from 
harassment that allows females more time to feed, can potentially alter the overall 
level of resources a female has available to allocate to reproduction as well as the 
value of the reproductive attempt per se. These additional resources need to be 
controlled for when examining different levels of allocation for different males to 
assess whether females are actively targeting a greater share of resources to breeding 
attempts with a particular male. However, there are other direct benefits and indirect 
benefits that may simply alter the likely success of a given breeding attempt without 
making additional resources available – these might include direct benefits such as 
preferred males having nest sites more protected from predation, for example, or 
indirect genetic benefits for traits that influence offspring mating success or viability. 
There has been particular interest in DA in relation to any genetic benefits that males 
may confer to offspring as maternal effects may either mask or over estimate 
quantitative estimates of genetic contributions on offspring success (Cunningham 
and Russell, 2000, Gil et al., 1999, Sheldon, 2000) and have the potential to 
accelerate or dampen selection on parental traits (Räsänen and Kruuk, 2007). 
However, differences in allocation may also occur in response to male traits that 
indicate the likely value of breeding without any directional selection arising. For 
example, in waterfrogs (Rana lessonae-Rana esculenta), females actively invest less 
( as they actively release fewer eggs) for unattractive hybrid mates which have been 
shown to produce less successful offspring) (Reyer et al., 1999). Females may also 
adjust allocation to reproductive events differently due to how closely related a male 
is to her and therefore on the likely success of the potential offspring produced (Arct 
et al., 2010). In these situations DA may occur on the basis of female assessment of 
males – but no directional selection on any particular trait would occur. 
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Differential allocation is often assumed to be uni-directional, in that females are 
expected to increase investment when with high ranking males as females would 
benefit from a proportionately higher pay off overall. However, differential 
allocation may also be bidirectional or compensatory (Ratikainen and Kokko, 2010). 
For example, female blue-footed boobies (Sula nebouxii) invest less than control 
females when assigned to males with less preferred traits (duller blue legs which are 
used in sexual displays during courting). This may make sense in long-lived species 
that breed over many years and in which breeding allocation in one year impacts on 
the next. For example in common eider ducks (Somateria mollissima), females with 
experimentally increased clutches in one year had reduced fecundity the following 
year (Hanssen et al., 2005). Whether females invest more for more preferred males, 
or less for less preferred male, both lead a positive correlation between male trait 
values and allocation levels. However, the opposite pattern of allocation may also 
occur. Reproductive compensation occurs when females invest more in breeding 
attempts with less preferred males - females may compensate for being paired with a 
low “quality” (or less attractive) individual to balance the potential negative effects 
that less preferred males could have on offspring fitness which is likely to occur 
when mate choice is limited (Gowaty et al., 2007). The majority of studies have 
found female allocation to be positive in relation to preferred males and only a 
handful which found evidence for reproductive compensation. In keeping with this, 
Harris and Uller (2009) examined the conditions under which variation in mate traits 
should result in female allocation variation and concluded cases of reproductive 
compensation may be limited (occurring only when the relative impact of parental 
investment on offspring quality was low) and that increased investment when mating 
with preferred mates would be the most common optimal investment strategy for 
females  
 
Differential allocation is assumed to benefit offspring, however the impact of 
changes in allocation on offspring traits that may be associated with survival or 
reproductive success have only been explored in a small number of studies 
(Cunningham 2000, Gilbert 2006). Additionally, a common trend in the literature is 
to explore the effects of differential allocation once hatching has occurred, while this 
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takes into account any affects of differential allocation post birth it ignores the affect 
of DA pre birth such as embryo viability. Only a few studies to date illustrate the 
consequences of allocation for maternal productivity and implications of DA 
offspring over multiple clutches (Bluhm and Gowaty, 2004b, Cunningham and 
Russell, 2000). 
 
2.1.3 Mate traits and DA theory 
DA theory can be tested via exploration of male traits which females use as cues to 
assess male fitness and studies have aimed to explore these effects via experimental 
alteration of appearance or attractiveness. These types of experiments are an 
important tool in testing DA theory as the cues of fitness are manipulated but other 
characteristics of the individual remain unchanged. In zebra finches, “redness” is a 
signal that female zebra finches consider when selecting a mate. Burley’s classic 
studies manipulated perceived attractiveness of males altering male overall “redness” 
by addition of  red or green leg rings (Burley, 1986, Burley, 1988). Experimental 
manipulation of sexually selected traits has been achieved in a number of species, for 
example, via elongation or shortening of tail feathers in barn swallows (Saino et al., 
2002b) and manipulation of forehead badge size in pied flycatchers (Morales et al., 
2006). However as with any manipulation, it is unclear if allocation would occur 
based on natural variation or if manipulation may potentially handicap an individual 
instead of increasing their attractiveness (for review see, Sheldon, 2000).  
 
Other have focused on natural variation in male traits using female preferences 
directly and found female traits such as egg size (Cunningham and Russell, 2000) 
and clutch size (Petrie and Williams, 1993) vary on the basis of initial preferences; 
demonstrating differential allocation occurs within the range of natural variation in a 
population. DA theory has now been widely reported to occur across species in a 
wide range of species (Table 1.1) and replicated in different studies of the same 
species. However, it is not clear how many of these examples are truly differential 
allocation. Rutstein et al. (2005) highlight three assumptions of DA theory that are 
often not fully considered. Firstly, there should be evidence of differences in 
allocation between breeding attempts with different males by the same female, 
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second, individual should be flexible in their allocation response to environmental 
and social cues, and third, that trade-offs should exist between increasing allocation 
levels and future reproduction and/or survival (Rutstein et al., 2005). Based on these 
three points many studies do not meet these criteria. One of the main reasons is that 
many studies only explore allocation patterns over one reproductive event and focus 
on differences between females as opposed to within females (Table 1.1). This 
results in studies only looking at a snap-shot of a female’s reproduction, whereas DA 
theory is implicitly based around the fact that the same females are predicted to alter 
their allocation when placed in different breeding situations. It is clear from observed 
life history trade-offs that reproductive events are not independent of each other and 
therefore, to investigate differential allocation multiple breeding attempts need to be 
explored. Some studies have controlled for this by using an experimental set-up 
where females are given either attractive or unattractive individuals and then give the 
opposite to determine if they change. By doing this individual’s act as their own 
control and more importantly studies can explore the change in allocation between 
the two different male partners.  
 
It is clear that a mother’s allocation decisions to a given reproductive attempt are not 
an independent event. Previous experience may affect allocation decisions - not just 
in terms of any trade-off based on how much allocation has previously been used but 
also because previous experience might alter a female’s perception of breeding 
conditions or her likely breeding success. For example, allocating females to 
different partners that vary in their attractiveness can alter a female’s perception of 
her own attractiveness/dominance status (Collins, 1995) and this may impact onto 
subsequent reproductive attempts. These types of effect whereby previous 
investment in a given breeding attempt can influence subsequent levels of investment 
have been called “carry-over effects”, while this term is often used to describe a left 
over effect of a previous treatment in experimental design (Ruxton and Colegrave, 
2011) or effects across a seasons (Harrison et al., 2011) the term fits the occurrence 
of this phenomenon (Rutstein et al., 2004) and, therefore, when exploring DA across 
multiple clutches carry-over should also be explore to make sure this effect is either 
controlled for or are explored independently. 
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2.1.4 Who can differentially allocate? 
Many variables may impact on the allocation to different reproductive attempts. 
Male traits may play an important role but additionally how flexible females can be 
to these cues is also of importance. A female’s ability to change allocation in the face 
of different events (including the “quality” of the partner she is paired with), could be 
defined by a particular trait such as her condition (Heaney and Monaghan, 1996). For 
example, individuals of low condition may be less able to increase their allocation. 
One study shows some evidence for this, where egg mass in zebra finches was found 
to have a significant positive relationship with female condition, but only when 
paired with attractive males (Rutstein et al., 2005). And in mallards, females that 
initially laid large eggs altered their allocation levels to a much greater extents than 
females that initially laid smaller eggs (Cunningham and Russell 2000). Alternatively 
there may be genetic variation in plasticity which results in a selective advantage to 
being able to be plastic (for reproduction) as it may increase fitness, as seen with 
breeding date (Nager and Noordwijk, 1995). Life history theory predicts there are 
trade-offs when you allocate more resources to one event as less resources will be 
available for future reproductive events. With individuals who are of a low condition, 
one would predict this would be more prevalent as there are fewer resources to 
allocate, and so any change in allocation will have a big impact on subsequent 
allocation and therefore decisions are made at a higher stake. Exploring differential 
allocation therefore should also include the monitoring of traits related to female 
condition to pull apart these effects and how female condition could impact on 
differential allocation.  
 
In this study I explore allocation decisions, addressing the assumptions of DA theory, 
of females over the major part of their reproductive life where they are paired to 
multiple males (four partners) in Chinese painted quail. In Chinese painted quail the 
badge size of the paired male has been found to influence the mass of their female’s 
eggs (Uller et al., 2005) when females first paired with a male, suggesting that 
differential allocation can occur in this species. Furthermore, in this species a 
positive relationship between mating behaviours (time to copulation and number of 
copulations) and individual’s badge size has also been found (Uller et al., 2005), 
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suggesting that badge size could be an honest secondary sexual characteristic 
reflecting male fitness. Despite this study, it remains unclear if differential allocation 
occurs across multiple breeding attempts (as hypothesised by DA theory) throughout 
their lives, or what the consequences of this are for mother and offspring. My first 
objective was to determine if male secondary sexual characteristics such as badge 
size or body size are taken into account in female reproductive decisions, and 
whether patterns arising in initial allocation decisions were consistent across the 
major part of a female’s lifetime. The second part of the chapter then looks at the 
consequences of any differences in allocation on embryo growth and development. 
Finally, I explored whether all females respond in the same way or if female traits 

















Factors affecting maternal provisioning to the prenatal environment 
The impact of male & female traits on reproductive allocation 
 24 
2.2 Methods 
2.2.1 Study system: Establishing the maternal generation 
The study was conducted using a colony of Chinese painted quail (Coturnix 
chinensis), established at the University of Edinburgh. Chinese painted quail are 
small game birds in the Phasianidae family and are socially monogamous but 
frequently mate switch between breeding attempts (Hoyo et al., 1992). They have 
also been noted as being an ideal candidate for laboratory experiments due to their 
small size (40-85g), low aggression and reproductive success in captivity (Tsudzuki, 
1994). To establish the parental generation, eggs were collected from multiple 
commercial breeders around the UK and sprayed with Ambicide
TM
 (1% dilution) 
prior to incubation to prevent any transfer of common environmental pathogens into 
the colony. Eggs were incubated under standardised conditions (37-38 °C and 40-
50% humidity rising to 70% prior to hatching) then brooded for 24 hours prior to 
transfer to communal cages. Chicks were fed ad libitum and kept in large (2,400 x 
500 x 375 mm) mixed sex cages (14 birds per cage) until they reached sexual 
maturity. Cages consisted of wood shavings, multiple feeding stations, covered areas 
and sand baths to allow birds to follow their full repertoire of natural behaviour. A 
heat lamp was provided in one corner until 10 days post-hatching. Birds were ringed 
to allow individual identification at six weeks of age. Standard biosecurity measures 
to maintain a pathogen free flock were in place throughout the duration of colony 
establishment and the experiment. 
 
2.2.2 Male morphological traits 
Chinese painted quail are sexually dimorphic; males have a distinct black and white 
patch on their throats (referred to as a “badge”). Badge size has been found to be an 
important trait affecting allocation decisions by different groups of females; a group 
of females paired to larger badged males were found to lay larger eggs than a group 
of females paired to smaller badged males (Uller et al., 2005). In the wild, males of 
this species are also known to provide direct benefits to females via courtship 
feeding. However, whether individual females use this cue to alter allocation 
decisions when mated to different males across a series of clutches as predicted by 
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DA theory remains unclear. Measurements of overall badge size and the relative 
areas of black and white components of the badge were achieved by taking 
standardized photographs of each bird. Images of the badge were obtained by 
holding an individual against a clear piece of plastic in 2 positions; front facing so 
that the front of the badge was exposed and side facing to measure its full extent 
(Image 2.1). The total area of the badge and the relative areas of the black and white 
components were calculated using the software image J 1.43 (see Image 2.1). 
Replicate images of the badge were taken one week later. Measurements were 
repeatable over time (repeatability; front white (r= 0.94), front black (r= 0.77), side 
white (r= 0.82) and side black (r=0.70). No males moved from categories large to 
small or small to large between badge size measurements. 
 
 









Measures using Image J 
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The mass of all males was measured to the nearest 0.1 grams every four days during 
the experimental period. Pectoral muscle and fat were assessed using BTO guidelines 
(Ringers’ Manual BTO, Thetford); pectoral muscle was scored 0 if the sternum was 
sharp and muscle depressed; 1 if the sternum was still distinguishable but not sharp 
and 2 if the muscle was rounded over sternum. Fat levels were scored 0 if no fat was 
visible in tracheal pit, 1 if there was a trace of fat and 2 if the tracheal pit was 
obscured by fat. A skeletal morphometric was determined using the tarsus length; the 
right tarsus of each bird was measured to the base of the foot with an accuracy of 
0.01 mm using electronic callipers. As this was an experimental set up with birds 





though different measures of condition revealed qualitatively similar 
results (see, Galvan, 2010, for discussion).  
 
2.2.3 Female morphological traits 
Female morphometrics including tarsus length, weight, muscle and fat scores were 
measured as detailed previously for males. A female’s baseline egg size was 
established prior to the experiment by taking the weight, length and width of all eggs 
laid prior to housing with any given male and calculating the average weight and 
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PART A 
2.2.4 Measuring allocation decisions in response to male 
traits 
Birds were housed throughout the experiment in their experimental pairings in 
breeding cages (800 x 500 x 375 mm). Each cage was lined with wood shavings, and 
contained a nest area for the female and a sand bath. Adult birds were maintained on 
a photoperiod of 16 h:8 h L:D and on a diet of Haith’s finch seed, EMP, Prosecto 
Insectivorous and oystershell in a mix of: 20% protein, 2.5% calcium and 77.5% 
seed for the duration of the experiment. Total feed per cage was 35.8g based on 
17.9g of feed per bird, which is 10% less than how much an adult laying female 
consumed adlib over a 24hour period (unpublished data). Biometrics of birds (total 
body mass (g), tarsus length (mm)) were measured and baseline blood samples were 
collected. A subgroup of birds were vaccinated with an avian vaccine or phosphate 
buffer solution (PBS) as part of another experiment; treatments were therefore 
equally balanced across experimental groups and treatment was included in all 
models to account for potential differences between groups.  
 
Females were initially paired with a randomly allocated male. Each male was 
specified as either being of a large or small badge size. Pairs were left undisturbed to 
initiate and lay a full clutch of eggs. Once egg laying started, eggs were removed on 
a daily basis but replaced with an identical dummy egg in the same location as the 
egg was found to induce females into laying a natural clutch. At day 15, males were 
removed from their partners and the dummy clutch of eggs removed to induce 
females to lay a further clutch of eggs. Males were then allocated to another female’s 
cage; females previously housed with large badge males were housed with small 
badge males and vice versa; this was repeated a further two times to collect four 
clutches of eggs from each female – two from pairings with large badged males and 
two from pairings with small badged males.  
 
Eggs were measured using callipers and weighed to allow egg volume, clutch size 
and total number of eggs produced to be recorded for each pairing over the course of 
the experiment. 
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PART B 
2.2.5 Measuring the impact of allocation decisions on 
embryo viability 
Eggs were collected on a daily basis and their mass, length and breadth were 
recorded. Eggs were then directly transferred into incubators with automatic turners 
to be incubated under standard conditions (37-38 °C and 40-50% humidity). After 3 
days, eggs were removed from the incubator and stored at minus 20°C until further 
analysis was conducted. Eggs were then carefully dissected and the presence or 
absence of embryos was recorded. All egg components were then weighed to record 









Image 2.2 Photograph of dissected egg; embryo, yolk and albumen labelled.  
 
 Embryo characteristics and allocation levels may vary depending on the sex of the 
offspring being produced. To determine sex of the embryo DNA was extracted from 
the embryo using DNeasy kit (Qiagen) following the methodology provided by the 
kit. The samples were then sexed using the polymerase chain reaction (PCR) to 
amplify part of the W-linked avian CHD gene (CHD-W ) in females, and its non-W-
linked homologue (CHD-Z) in both sexes, using PCR primers 2718R and 2550F 
(Fridolfsson & Ellegren 1999). Products were run on a 2% agarose gel and visualized 
with ethidium bromide and the presence of either one (CHD-Z; males) or two distinct 
bands (CHD-Z and CHD-W; females) were used to determine sex. All eggs that 
developed a visible embryo were successfully sexed (n= 100).  
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2.2.6 Statistical analyses 
Before conducting analyses, normality of residuals and homogeneity of variance 
were checked and transformations completed to achieve normality. To examine how 
allocation changes in response to male traits over a female’s reproductive lifetime all 
data were analysed using linear mixed effect models (using the software “R”). For 
questions related to allocation to a female’s first clutch, models included female 
identity as a random factor. For questions that explore differences in allocation 
across several clutches, female and male identities were included as random factors 
and clutch was nested by female ID. Female traits that may influence levels of 
reproductive allocation were explored by including female baseline condition index 
as covariates in all models. Egg mass, clutch size and embryo mass were also 
explored as covariates when not in models as dependent variables. A backward 
stepwise procedure was used such that non-significant terms were sequentially 
removed from the model. Male badge size was defined as large (area= 140.24-194.23 
mm
3
) or small (area= 100.58-137.16 mm
3
). Male condition was also included as a 
covariate to determine their effect on allocation. No correlation was found between 
male condition and badge size (n= 20); r= 0.29, p= 0.132, male mass and badge size; 
r= 0.02, p=0.378, or male tarsus length and badge size; r= -0.01, p= 0.987 (Pearson’s 
correlation).  
 
Binomial reproductive traits (such as viability or embryo sex) were analysed using 
the statistical modelling package “lmer” using the family- binomial, for all other 
models package “lme” was used (exploring dependent variables such as clutch size, 
egg mass and embryo mass). Factors affecting sex ratios of clutches were analysed 
using linear mixed effect models, binomial error and logit link function. In each 
analysis, the number of sons divided by the number of daughters plus sons was fitted 
as the response variable and the numbers of offspring sexed in the brood was 
included in the model to account for number of offspring. A G-test was performed to 
test sex ratio (sons/number sexed) difference from 0.5, using goodness of fit. Any 
non-significant terms from models presented in text are presented from when they 
were removed during model simplification.  
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PART A The effect of male traits on female allocation decisions 
2.2.6.1  Models examining initial allocation levels 
To determine the effect of male traits on a female’s initial allocation decisions, the 
data was subset to first examine how females allocated resources to their first clutch 
produced with the first male paired with. Model 1 (Table 2.1) highlights all the main 
effects used to explore egg mass in first clutches. To determine the direction of any 
significant change in egg mass at first pairing with a male, baseline egg mass and egg 
volume was recorded for each female prior to pairing. A GLM was then performed to 
establish if there was any change between baseline egg mass and first clutch egg 
mass and if there was any interaction with male badge size (female ID was included 
as a random effect). 
 
2.2.6.2  Models examining allocation levels across a 
female’s reproductive lifetime 
To explore whether females differentially allocated between breeding attempts with 
different males, the effect of male traits on the same dependent variables as Model 1 
were explored across all four clutches that a female produced (two with small badged 
males and two with large badged males) (Model 3, Table 2.1). Again, the dependent 
variables; egg mass, viability, embryo sex, embryo mass and clutch size were 
examined and clutch order. A further model was run (Model 2, Table 2.1) which had 
two additional predictor variables, used to explore ‘carry over’ effects of which male 
a female was initially paired with: these were “Initial male” and “Paternal male”. 
“Initial male” refers to the badge size of the male a female was originally paired with 
in the first clutch produced and “Paternal male” refers to the badge size of the male 
the female is paired with for a given clutch. Carry-over effects are often an effect 
which is to be avoided in experimental design to allow treatment effects to be 
examined without bias from previous experimental treatments, for example if 
individuals are to receive multiple treatments leaving sufficient time between them to 
avoid confusion of effects of different treatments (Ruxton and Colegrave, 2011). 
However in this study carry over effects were examined to determine if any effect of 
paternal traits during initial pairing continued on to subsequent breeding attempts. 
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Data was subset to only include clutches 2, 3 and 4 and models were run either 
including or excluding Paternal male (if Initial male traits where significant). Model 
2 (Table 2.1) was used to determine the effect of Initial male on subsequent clutch 
allocation, the model was then run again to include Paternal male to determine if 
Paternal male explains egg mass better. 
 
Table 2.1 Models to determine male effects and female effects on reproductive traits. 
 
PART B The effect of allocation decisions on embryo viability and growth 
Models examining effects of allocation on embryo characteristics and viability 
Viability, embryo sex and embryo mass models were constructed in the same way as 
models in part A. 
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2.3  Results 
The patterns of allocation over the course of 4 consecutive clutches were followed 
for 12 females who consistently produced eggs. Females were paired to two large 
badge males and two small badge males. The order in which they received males of 
different badge size was balanced across treatments; half the females were paired to 
large, small, large, small badge males and half were paired to small, large, small, 
large badge males.  
PART A 
Table 4.2 Linear mixed effects models exploring egg mass in initial allocation 
(Model A1), the impact of initial male on subsequent clutches (Model B1) and 
paternal male across all clutches (Model C1). 
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Table 4.3 Linear mixed effects models exploring clutch size in initial allocation 
(Model A2), the impact of initial male on subsequent clutches (Model B2) and 
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2.3.1 Initial allocation patterns 
In the first pairing, females produced larger eggs if they were paired to a larger badge 
male (Table 4.2, Model A1). This was due to females increasing their egg size from 
their baseline egg size (egg mass prior to pairing) when paired to a large badge male; 
F1,57= 11.01, p= 0.002, whereas females paired with a small badge male for their first 
clutch showed no significant difference between baseline and first clutch egg mass; 
F1,38= 0.03, p= 0.870. Females paired with a large badge male for their first clutch 
(n=6) had an average increase of 5.55% ± 3.04SE in egg mass from baseline eggs 
(pre-pairing) to pairing in first clutch whereas females paired to small badged males 
for their first clutch (n=6) had an average decrease of 2.29% ± 4.84SE in egg mass 
from baseline eggs to pairing in first clutch (Figure 2.1).  
 
 
Figure 2.1 Bar graph of egg mass means (± SE) - increase in egg mass (g) between 
pre-pairing (striped bars) with a male and post pairing with a male (solid grey bars).  
 
The increase in egg size appeared to be due to an overall increase in investment when 
paired to large badged males as opposed to any trade off with clutch size as no 
interaction between clutch size and badge size was found (Table 4.2, Model A1). No 
significant interaction was found between embryo sex and male badge size in 
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relation to egg mass, showing females were not simply producing larger eggs as a 
result of producing more of one particular sex when paired to large badged males 
(Table 4.2, Model A1).  
 
2.3.2 Effect of male traits on allocation across a series of 
clutches 
There was no effect of male traits on egg mass throughout a female’s reproductive 
lifetime (Table 4.2, Model B1). However, there was evidence for differential 
allocation via changes in clutch size in response to male badge size; t17= -2.15, p= 
0.039 (Table 2.3, Model C2 and Figure 2.2a) with females producing larger clutches 
when paired with large badge males (Figure 2.2b). Male condition and mass had no 
significant relationship with clutch size. Across all four clutches there was no 
difference in the number of male and female embryos that developed; Chi2= 0.21, 
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Figure 2.2 Across all clutches females paired with a large badge male produced 
larger clutches compared to small badge males. Figure 2.2a mean clutch size (± 
SE) at group level, Figure 2.2b shows the change between pairings in clutch 
size at the individual level.  
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2.3.3 Carry-over effects on allocation of initial male badge 
size. 
To establish if there was any carryover effect of initial allocation decisions across 
clutches 2, 3 and 4 I included initial male in the models. Interestingly initial male 
badge size was found to have a significant effect on egg mass across clutches (Table 
2.2, Model B1). Female baseline condition also had an independent effect on egg 
size across all clutches (though there was no interaction between initial male badge 
size and female baseline condition (Section 2.3.5)). This highlights that initial male 
badge size is impacting on female allocation in subsequent clutches with other males 
and that females paired with a large badge male in their first clutch continue to 
produce large eggs across clutches 2, 3 and 4 (Figure 2.3). These findings were 
robust even when paternal male was included in the model (Table 2.2). Clutch sex 
ratio had no relationship with initial males badge size; z = 0.87, p= 0.379. There was 
also no carry over effect of initial pairing on embryo sex; z= -0.25, p= 0.802 (or as an 
interaction with egg mass; z= -0.32, p= 0.746. 
 
Figure 2.3 Females initial paired to a large badge male continue to produce larger 
eggs (mean egg mass (± SE) compared to females initially paired with a small badge 
male; t48= -3.49, p=0.008. 
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Initial male pairing also appears to influence female condition, which increases 
across clutches for females initially paired with large badge males; t11= -2.21, 
p=0.044 (Figure 2.4). No relationship was seen between Initial male badge size and 
female baseline condition; t11=-0.50, p= 0.624, therefore exploration of the change in 
egg mass from pre-pairing with a male (clutch 0) and post pairing was performed. 
Including both Initial male badge size and female mean condition across clutches in 
the model, change in egg mass was significantly affected by female mean condition 
over the experiment; t11= 2.69,  p= 0.008, but was not related to first male badge; 
t10=-1.24, p= 0.244. This suggests that the carry-over effect seen on reproductive trait 
from first pairing may not be a direct effect of initial male badge and adjustment of 
allocation to it, but more of a secondary effect of the females ability to allocate 
driven by this change in female condition in relation to initial male badge size.  
 
Figure 2.4 Mean female condition (± SE) across females increase across clutches 
within females initial paired to a large badge male, compare to females initial paired 
to a small badge male in clutch one; t11= -2.21, p=0.044. 
Female mean condition index per clutch had no relationship with paternal male 
badge size; t21=-0.06, p= 0.948, male mean condition; t29= 0.87, p= 0.388 or clutch 
order; t35= 1.00, p= 0.335. No residual effect of initial male badge size was found 
across clutches 2, 3 and 4 on clutch size however a non-significant positive 
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relationship was found with female baseline condition and clutch size; t27= 1.98, p= 
0.056. 
 
2.3.4 Duration between reproductive attempts  
Duration between reproductive attempts did not differ significantly between clutches, 
(clutches one and two; 3.7 day ± 0.482SE, clutches two and three; 6 days ± 1.19SE and 
clutches three to four; 7 days ± 1.81SE). There was also no significant effect of Initial 
male on the number of days between clutches; t10= 0.51, p= 0.619, or Paternal male; 
t10= 0.45, p= 0.658. 
 
2.3.5 Female traits 
Female baseline condition had a significant relationship with egg mass across 
clutches when Initial male was included in the model but did not have a significant 
affect across all models (Table 2.2). In clutches 2,3,4 when paternal male was not 
included in the model female initial condition has a significant relationship with 
clutch size. However when paternal male was included across all clutches there was 
no effect of any of the variables (female baseline condition, female mean condition 
across clutches) on the size of the first or subsequent clutches produced (Table 2.3). 
Nor was there any relationship between female mean condition and clutch sex ratio; 
z = 1.26, p= 0.206.  
 
Summary of Part A 
To summarise – I found that although females laid larger eggs when first paired to 
large badged males – they did not alter egg mass across clutches when paired to 
different males as would be predicted by DA theory. The lower baseline 
measurement demonstrates that females are both capable of increasing and 
decreasing investment in relation to male traits and that the lack of change over 
subsequent clutches is a true carry over effect rather than a complete lack of any 
mechanism for flexibility. Although females did not alter egg mass as predicted by 
DA – they did show differential allocation – but this was observed via changes in 
offspring number as opposed to changes in offspring quality. Finally, initial 
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allocation decisions influenced all subsequent breeding attempts. Females who were 
initially paired to large badge males obtained greater condition throughout the 
experiment and as a consequence continued to produce heavier eggs. 
 
PART B 
2.3.6 Consequences of maternal allocation and paternal 
traits on embryonic viability and development 
To examine the effects of allocation decisions associated with male traits on 
offspring viability, all eggs were incubated artificially under standardised conditions 
to day 3. Eggs were then removed and the presence or absence of a viable embryo 
was recorded. The weight of the embryo at day 3 was taken and the embryo was 
sexed to identify if it was male or female, firstly, to account for sex differences in 
viability and secondly, examine the effects of paternal traits and female allocation on 
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2.3.6.1  Egg viability 
Table 4.4 - Binomial mixed effects models exploring viability in initial allocation 
(Model A3), the impact of initial male on subsequent clutches (Model B3) and 
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2.3.6.1.1 Viability of first clutch 
Male badge size was associated with egg viability in a female’s first clutch (Table 
4.4, Model A3) with females paired to large badge male producing more viable eggs 
than females paired with a small badge male. This appears to be a true association 
with male badge size as egg mass did not affect viability in this first clutch, either as 
an interaction between egg mass and badge size or between the difference in egg 
mass (from baseline egg size to first clutch egg size) and badge size (Table 4.4).  
 
2.3.6.1.2 Viability across clutches 
Across clutches, paternal male badge size has a significant effect on viability but 
only when paired to females laying larger eggs (interaction between male badge size 
and egg mass; z= -2.30, p= 0.042 (Table 4.4, Model C3 and Figure 2.5). Egg viability 
did not have any relationship with Initial male badge size as a main effect or as an 
interaction effect with egg mass, suggesting the carry-over effect of male badge size 
on female condition and female allocation does not directly affect viability in the first 
3 days of development (Table 4.4, Model B3). There is a non-significant trend of 
change in egg mass interacting with paternal male badge size on viability; z= -1.72, 
p= 0.084, this implies that females ability to increase her egg mass (potential 
reflecting her condition) may to some extent influence viability however, it appears 
this is not as big an effect as who a female is paired with a at particular time.  
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Figure 2.5 Viability probability between eggs from large badge paternal males 
(black line, crosses) and small badge paternal males (grey line, circles). Females 
paired to large badge males produce eggs more likely to be viable (1) than not (0) for 
a given egg mass (g), although this effect is smaller at smaller egg mass. Binomial 
logistic regression; z= -2.30, p= 0.042. 
 
2.3.7 Female effects on viability 
Viability of eggs was not affected by female traits in the initial clutch a female 
produced (female baseline condition; z= -0.24, p= 0.809, female mean condition; z= 
0.402, p= 0.687 or baseline egg mass; z= 0.26, p= 0.793). However,  
clutch size had a positive relationship with the proportion of viable eggs a female 
produced; z= 2.36, p= 0.018 with females who produce a large clutch having a 
greater proportion of viable eggs compare to females who produce a small clutch. 
When females were paired to a large badge male they on average produced 0.4 % ± 
0.155 SE more viable eggs compared to when they were paired to small badge males. 
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Therefore females on average produced 0.5 ± 0.95 SE more eggs when paired to a 
large badge males.  
 
Across clutches there was no female effect on viability; female baseline condition; z= 
0.98, p= 0.324, female mean condition; z= 0.97, p= 0.331 baseline egg mass; z= 0.24, 
p= 0.809. 
 
2.3.8 Embryo mass 
Table 4.5 - Linear mixed effects models exploring egg mass in initial allocation 
(Model A4), the impact of initial male on subsequent clutches (Model B4) and 
paternal male across all clutches (Model C4). 
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Embryo mass in the first clutch was not affected by any of the factors or covariates 
investigated (Table 4.5, Model A4). This was also the case across clutches for 
paternal male badge size (Table 4.5, Model C4). However a carry-over effect was 
found of Initial male badge size where females originally paired with a large badge 
male are likely to produce heavier embryos; t6= -2.89, p= 0.027 (at 3 days of 
incubation), even when controlling for female mean condition for each clutch; t6= 
0.21, p= 0.834 (Figure 2.6). Embryo mass had no relationship with embryo sex; z= -
0.25, p= 0.801. 
 
 
Figure 2.6 Females initial paired to a large badge male continue to produce larger 
embryos (mean embryo mass (± SE) ) compared to females initially paired with a 
small badge male; t6= -2.89, p= 0.027. 
 
 
Summary of Part B 
In summary, I found that male badge size was directly correlated with viability at the 
very earliest stages of development thereby identifying at least one benefit females 
may gain from mating with large badged males. Females benefit from altering their 
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allocation in clutch size when mated with these males as they produced 
proportionately more offspring as a result. Females may also obtain some form of 
direct benefit from mating with males with large badges as this alters their 
subsequent condition and allocation to individual eggs; this allocation has no effect 
on viability but does affect embryonic growth with females that had been mated 
initially to large badged males producing heavier embryos during early development 
as a consequence of early allocation changes. These effects carried over to 
subsequent clutches demonstrating the importance of considering previous 
experience when assessing the contribution of paternal genetic effects and female 
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2.4 Discussion  
In this chapter I examine maternal reproductive allocation patterns across a number 
of reproductive events and their consequences on early viability and development. 
This study shows that female Chinese painted quail lay larger eggs for large badged 
males when they are first paired with a partner. However, allocation, at least in terms 
of egg size, does not then vary across subsequent reproductive attempts with 
different males, i.e. in this study no true differential allocation was found via change 
in egg mass. There is however true differential allocation in response to male traits 
via changes in clutch size with females laying more eggs for large badge males 
across a significant part of their reproductive lifetime. The effect of initial pairing 
also had consequences on later clutches with females that were first paired to large 
badged males consistently being in better condition and producing larger eggs than 
females that been paired to smaller badged males. However, not all females change 
their allocation to the same extent and their capacity to respond to these male cues 
appears to be mainly driven by female condition.  
 
I then examined the consequences of these allocation patterns on embryo viability, 
growth and sex; viability appears to be closely linked to paternal male badge size and 
egg mass. Within this study I intended to explore female mortality and lifetime 
reproductive success however sample size limits interpretation of these results. It 
would be desirable to address these questions in the future to determine to what 
extent allocations impact on mothers over a lifetime. All allocation patterns were 
consistent with positive allocation when females were paired to a large badge 
“attractive” male and no evidence for any disadvantage of being paired to a small 
badge male or any associated compensation effect was found. To my knowledge this 
is the first study to explore differential allocation in reproductive traits across more 
than two clutches and its consequences for early embryonic development.  
 
2.4.1 Female allocation decisions 
Initial pairing with a male (in clutch 1) had a significant relationship with egg mass, 
where females alter their allocation by increasing or decreasing it from their baseline 
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level, dependent on the male they are initially paired up with. This pattern has been 
reported in other studies of this species and assumed to be indicative of differential 
allocation (Uller et al., 2005). However, it was found instead that females do not alter 
egg size when paired to subsequent males but instead alter the number of eggs they 
produce in response to male characteristics. This suggests that allocation mechanisms 
used by females may vary across different stages of a female’s reproductive lifespan. 
However, egg size did play an important role across clutches in another way - when 
females were re-paired they continued to produce eggs of a greater size if originally 
paired with a large badge male or lesser size if originally paired with a small badge 
male and a similar relationship was also found with embryo mass. This carry-over 
effect may be due to traits associated with an initial partner signalling benefits such 
as resource availability, or the pairing with a high ranking male early in reproduction 
may alter females’ social status which may then impact on subsequent allocation. 
Effects of a first male’s sperm are unlikely to be a mechanism influencing such carry 
over effects as it is likely that little to no sperm from the previous male would be 
present in subsequent clutches; mating diminishes quickly after pairing (personal 
observation) and average sperm storage times are generally shorter than the time 
taken to complete the laying of the next clutch (Cunningham unpublished data). 
However, male manipulation of female investment should not be completely 
discounted as the effect of male ejaculate components on female behaviour and 
physiology in birds has not been fully explored.  Importantly, in this study I highlight 
that female condition over the experiment had a significant relationship with initial 
male badge size. When the mean female condition was included (not baseline 
condition which accounts for female condition pre-pairing) in the analysis this 
explains more about the change in egg mass than initial male badge size. This 
suggests that initial pairing has a physiological impact on females and that effects 
seen after this pairing may not be an allocation decision but instead a residual effect 
of this physiological change (Rutstein et al., 2005). To my knowledge this is the first 
study to show that this type of effect persists across several breeding attempts, 
highlighting the potential importance of considering early experience and initial mate 
choice decisions and their impact on allocations and fitness measures later in life.  
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2.4.2 Differential allocation 
Although egg mass did not change across breeding attempts, clutch size did – with 
females producing more eggs when with large badged males providing evidence for 
differential allocation. The result meets the basic assumptions of differential 
allocation theory, that females are allocating differentially and this is seen across the 
four male pairings tested, illustrating the plastic nature of their response to male cues. 
The result is also robust as females were paired to both attractive and unattractive 
males allowing us to control for female effects on allocation. Other studies have 
found similar results. For example, in a study the total mass of train in peacocks 
(Petrie and Williams, 1993) had a significant positive relationship with total number 
of eggs. In zebra finches females paired to preferred mates (of higher song duration 
and frequency) produced a greater clutch size (0.5 eggs more) with preferred males, 
while other reproductive traits appeared relatively non-plastic (Balzer and Williams, 
1998).  
  
This study demonstrates the importance of exploring male effects on reproduction by 
exploring multiple breeding attempts. In another study using Chinese painted quail 
(Uller et al., 2005) the authors found no effect of male badge size on clutch size but 
did find that egg mass was affected by male badge size. However, this was only 
across one clutch and therefore it is unclear what the authors would have concluded 
if the experiment continued onto more reproductive events. It has been hypothesized 
that diversity seen among species in differential allocation to reproduction, e.g. 
between findings such as egg mass, clutch size or egg component alteration, comes 
from adaptive differences in systems of parental care (Horvathova et al., 2011). In a 
recent review (Horvathova et al., 2011) the authors suggests that differential 
allocation between species with minimal male parental care may result in females 
allocating differentially to her clutch via egg mass. However, in species where there 
is biparental care, differential allocation may be through clutch size alteration. 
Systems of parental care may be of significance when exploring what reproductive 
traits are being influenced by differential allocation, it may also be important to 
consider (based on the findings in this chapter) what reproductive event an individual 
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is in to whether predictions will be for differential allocation on particular 
reproductive traits. Experience can play an important role in reproductive success 
and in wandering albatross (Diomedea exulans) there is a particularly large 
improvement after a female’s first breeding attempt (Froy et al., 2013). With success 
increasing with experience one could hypothesis that the number of offspring 
produce rather than the amount of prenatal provisioning per clutch member may have 
a greater effect on an individual’s reproductive success through time. 
 
2.4.3  Consequences of allocation and paternal traits 
In this study an effect of paternal male badge size was found on viability. This could 
arise because male badge size is a secondary sexual characteristic reflecting male 
fitness (or quality of resources available to him) and be one basis for why it may pay 
females to invest more in reproduction (in terms of increasing egg number) when 
paired to these males. However, in this study there was no experimental 
manipulation of male badge size, therefore the relationship found between embryo 
development and male badge size could be due to female allocation of other 
important constituent within the egg that are not detectable through changes in egg 
size, or male quality. A study using dung beetles goes in some way to pull apart these 
two traits of maternal allocation and male genetic contribution to determine the cause 
of differences in viability (Watson and Simmons, 2012). The study first finds 
evidence for differential allocation to particular males (males with high courtship 
rate) via increased size of the brood ball produced. The study then goes on to 
experimentally manipulate female maternal allocation by changing the size of the 
brood ball. The results indicate that differential allocation only has a small effect of 
viability (number of eggs surviving to adulthood) and the main contribution to 
viability appears to be due to male quality. The study determines that male genetic 
quality results in increased/decreased offspring survival to adulthood and that 
maternal allocation impacts on offspring characteristics related to its success e.g. 
offspring body size and horn size. If embryo viability is a consequence of male 
effects that are signalled by male badge size in Chinese painted quail, females would 
benefit from investing more in these males. The effects of male traits and maternal 
allocation on embryo traits as opposed to post-hatching traits have been far less 
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explored. The findings suggest they play a significant role in overall measures of 
parental success via the number of eggs being produce and the viability of these 
eggs. 
 
2.4.4 Female investment and causes for variation 
It is well documented that maternal condition is linked to reproductive allocation 
(Parker, 2002, Smith et al., 1993, Nager et al., 1999), and the results from this study 
are in accordance with this. Females of higher condition produced eggs of a larger 
mass than females of lower condition.  
 
Considering female condition components including baseline condition and 
condition post pairing has, in this study, allowed us to explore not only the effect 
female general condition has on allocation decisions but also to determine that 
maternal condition can be affected by external cues such as male badge size. This in 
turn allowed us to identify that the carry-over effect on egg mass of the initial male 
pairing is likely to be a secondary effect and that initial male badge size influences 
female condition across the experiment. This may then be the mechanism by which 
initial male effects egg mass. Within the literature there is evidence for females 
altering their allocation due to male traits via their own condition, where females 
increase allocation in response to male attractiveness only if she is in good condition 
(Rutstein et al., 2004). The literature has suggested that initial reproductive 
encounters can impact an individual’s condition throughout its life and this could be 
what is occurring here. Age (Brommer et al., 1998) and condition –Blue Petrel 
(Chastel et al., 1995) at first reproduction can have an effect on females life time 
reproductive success and with a semi-monogamous species such as in this study, 
longer lasting effects of initial pairing could also have a similar knock on effect. 
Female short term preference has been found to be link to the “attractiveness” of a 
recently experienced male (Collins, 1995), with females adjusting their preferences 
based on this exposure. Therefore it’s not uncommon for early pairings to determine 
something about later reproduction but this study provides the first evidence that 
allocation decisions can be shaped in the same way. 
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Furthermore, the carry-over effect of early allocation decision had an impact on 
embryo weight at day 3; these effects may persist through to hatching as has been 
observed in other species (Cunningham and Russell 2000) and hatching condition 
can play a key role in early survival across species (Bolton, 1991, Gorman and 
Nager, 2004, Pearce-Higgins and Yalden, 2002). Female experience and current 
reproductive investment may be linked depending on the amount of time between 
reproductive attempts and or how flexible females are in allocation should be taken 




This study shows that Chinese painted quail vary their allocation depending on their 
partner and that sexual ornamentation (badge size) is an important trait for female 
allocation decisions. However due to the cross-over design implemented, the finding 
here gives a clear picture of the importance of partners on allocation and that timing 
of pairing can play an important role. Carry-over effects of early allocation due to 
initial male badge size was found on egg mass, and this persistence appears to be due 
to change in maternal condition (influenced by this initial male pairing). These 
findings illustrate the importance of early reproductive experience on reproductive 
traits as well as partner traits. 
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3.1.1 Maternal effects 
Maternal effects that influence reproductive allocation of resources can have a major 
effect on offspring development and can potentially be influenced by both 
environmental and social conditions (see Chapter 2). Females may allocate resources 
to a particular reproductive attempt by altering traits such as egg size and egg 
number based on its likelihood of success. However, these female allocation 
decisions may also alter the individual egg components that play a crucial role in the 
embryos early development such as hormonal, nutritional and immunological 
components. For example, when egg size is adjusted in response to male traits via 
differential allocation, it is not clear whether all egg components are altered 
proportionately. Females may also potentially alter the level of different egg 
components completely independently of egg size. These possibilities are important 
to establish as variation in these components can potentially have both positive and 
negative effects on offspring success.  
 
3.1.2 Maternal antibodies 
One of the key components that may be affected by maternal allocation decisions are 
maternal antibodies. Maternally transferred antibodies are believed to be vital for 
many species due to an offspring’s vulnerability to infection in the early stages of 
life: In birds (as well as mammals) the immune system develops after birth, therefore 
there is a period where offspring are at high risk from pathogens.  Young birds focus 
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a considerable amount of energy into growth at this stage and therefore the additional 
cost of mounting an immune response may be highly detrimental at this point.  
Vertical transmission of antibodies from mother to offspring can therefore potentially 
reduce the cost of immune defence (Rose and Long, 1971, Staszewski et al., 2007b).  
Equipped with maternal antibodies, offspring are prepared with specific antibodies 
for the pathogen environment they are being born into.  This transfer of specific 
antibodies can play an important role in the survival of populations through 
epidemics, and survival of such early infection can lead to long lasting protection 
(Navarini et al., 2010).  The amount transferred to offspring can also have a 
significant effect as the more antibodies that are transferred the longer the protection 
is to the offspring (Grindstaff, 2010). However, this has to be balanced with any 
potential negative effects associated with high antibody levels in the offspring.  In 
some cases where maternal antibodies are present, an effect known as “blocking” can 
occur. The blocking effect is where an individual’s immune response is effectively 
blocked from responding due to maternal antibodies interacting with the antigen 
involved.  This can sometimes be viewed as beneficial as the offspring does not 
mount its own immune response, therefore allowing resources to be used for other 
processes (Staszewski et al., 2007a, Grindstaff, 2008). However, if the humoral 
immune response is blocked it is not prepared the next time the offspring is exposed 
to the pathogen (when maternal antibodies are not present); it will then have to use 
the primary immune response, which is more costly, slower and not as strong as the 
secondary response.  The optimal level of transfer to maximise offspring fitness is 
therefore likely to reflect a balance between these effects. 
 
3.1.3 Differential allocation of maternal antibodies 
Differential allocation is the allocation of resources to different offspring or 
reproductive attempts according to its likely success in order to maximise an 
individual’s own reproductive fitness (Sheldon, 2000). Maternal transfer of immunity 
may be influenced by these allocation decisions, either directly, because it may pay 
females to vary immunological allocation, or indirectly, as a consequence of other 
allocation decisions.  However, testing this empirically is complex given the 
complexity of the immune response. Unlike other maternal resources adult birds do 
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not consistently have a supply of antibodies, nor can they trigger specific antibody 
production without having had recent contact with a pathogen.  Therefore the 
relationship mothers and offspring have with antibodies will be environment 
dependent. Furthermore, if a mother is responding to a pathogen and producing an 
antibody response, levels seen in offspring produced over this time may simply 
reflect this changing immune response. These sources of variation need to be 
accounted for in studies examining the benefits and ability of a female to transfer 
these antibodies to offspring, as they may vary considerably between environments 
and populations.  
 
3.1.3.1 Differential allocation of maternal antibodies due to 
male traits 
In avian systems there appears to be no vertical transmission of immunity from father 
to offspring and paternal antibody levels have been found not to correlate with egg or 
chick antibody levels (Gasparini et al., 2002). Hence, any change in transfer found in 
relation to a mate characteristic is generally assumed to arise as a result of 
differential allocation by the female. Paternal attractiveness has been suggested to 
impact on a female’s allocation of resources, however only a small number of studies 
have explored allocation of maternal antibodies in relation to paternal traits (Saino et 
al., 2002b, Hargitai et al., 2006). In the first study, wild female barn swallows paired 
to perceivably more attractive males (some of whom were artificially increased or 
decreased in attractiveness) transferred more antibodies to eggs (Saino et al., 2002b), 
however others have found no effect of male traits on transfer, for example,  female 
Collared Flycatchers were found to not alter yolk antibody concentration in relation 
to male traits (though total antibody content is unknown) (Hargitai et al., 2006). 
 
There are a number of ways differential allocation of antibodies could occur; firstly, 
males may induce a change in female antibody levels and differences found in eggs 
may be as a consequence of passive transfer of higher or lower level of antibodies 
from the female. Secondly, female antibody response could remain unaffected but 
the relative amount transferred is altered or thirdly, changes in antibody level or 
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concentration could be a by-product of changes in allocation in general, for example, 
a bigger egg could have proportionately more antibodies or same level of antibodies 
but at a lower concentration and only knowing yolk size would allow for these 
possibilities to be untangled.  
 
Some studies have found sex differences is egg components however, it is unclear if 
these differences occur because of different allocation levels or because the sexes 
utilise different levels of egg constituent. There are two studies that have explored 
maternal antibody transfer in relation to offspring sex (Saino et al., 2003, Martyka et 
al., 2011). In the first,  authors found in zebra finches that sexes varied in the level of 
antibodies present in relation to laying order (Martyka et al., 2011) and the 
interaction between sex and laying order came from a significant decline in maternal 
antibodies over a clutch in male offspring (no significant change over a clutch in 
female embryos). Females may allocate more antibodies to male offspring, firstly 
because they may be the more valuable of the sexes to female reproductive fitness 
following a mating with a preferred male i.e. this could be related to differential 
allocation. However, male offspring may have greater levels of testosterone or other 
immune suppressing substances and therefore females may allocate more to them to 
compensate for this. In the second  study using barn swallows the authors found 
female embryos had higher concentrations of antibodies compared to sons (Saino et 
al., 2003). However, both studies sample yolks after embryos had begun 
development, therefore it is unclear if differences are arising pre or post incubation- 
there may be differential catabolisation by the developing sexes so that antibodies are 
lost from the egg environment during early incubation. This is highly important to 
determine as if it is the latter this would show that there isn’t differential investment 
at work but instead a subsequent physiological process causing variation. 
 
3.1.3.2 Egg development and maternal antibodies 
While variation may be occurring due to allocation decisions and trade-offs, it is 
important to determine how antibodies become present in eggs and yolks. The 
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transfer of antibodies from mother to offspring prior to birth occurs in two parts. The 
first step in this transfer is from the mother’s circulation into the developing yolk.  
 
Yolk development in quail and chicken is sequential unless females prepare to 
incubate. At daily intervals single oocytes enter a two-phase maturation process, 
where there is active uptake of proteins from the maternal blood stream (Schneider et 
al., 1998).  The first phase has slow growth and lasts ~15 days (~ 21 to 6 days before 
lay). The second has rapid growth where the yolk increases in size 30-50 fold in 
mass and the process lasts ~6 days (~ 6 to 0 days before lay). Once the oocyte is 
ovulated it moves into the infundibulum where fertilisation occurs. The fertilised 
oocyte then begins its passage down the oviduct where other components of the egg 
such as albumen and shell are added over the next 24 hours.  The fully formed egg is 
laid 24 hours after fertilisation and the next ova with a fully formed yolk is then 
released into the infundibulum to be fertilised and will be laid fully formed 24 hours 
later.  
 
The transfer of antibodies to developing yolks follows a similar pattern to yolk size 
increase. Firstly low levels of antibodies are transferred to the yolk as it develops in 
the ovary. At oogenesis, there is then a sudden influx of antibodies and other yolk 
components in the last few days prior to egg formation in the reproductive tract and 
laying (Kowalczyk et al., 1985). The transfer to the actual embryo from the yolk then 
mostly occurs in the few days prior to hatching by receptor-mediated transfer across 
the yolk membrane into the embryos blood (Kowalczyk et al., 1985). For maternal 
antibody transfer from mother to yolk the first part of this mechanism is believed to 
be receptor mediated and individuals may differ in the number and effectiveness of 
this transfer process. However, from the literature the transfer of antibodies also 
appear to be directly correlated to the increase in size of yolk as an egg is formed 
(Kowalczyk et al., 1985) so investment may be tied to allocation of other constituents 
laid down in the last few days of egg formation. The exact timing of these events is 
largely unknown, information to date is from chickens but it is unknown if the 
timings are similar in other species.  
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It is well documented that females increase their antibody production when eggs are 
being produced (Klasing, 1998), therefore maternal investment is likely to incur 
some cost because of the increase energy demand the individual is under. Above that, 
it is unknown if the mechanism required for transfer is also an expensive process and 
if so these extra drains on resources could become highly influential at this expensive 
phase of life. Therefore, resource limitation impacting on female condition has been 
stated as a mediator of variation in maternal antibody transfer (Grindstaff et al., 
2003). While many studies have explored the effect of maternal condition on the 
level of antibody transfer few have examined the cost of this transfer and it’s affect 
on other female traits related to her fitness. The lack of evidence in the literature of a 
direct cost of transfer may be that female’s condition mediates antibody transfer and 
therefore no further trade-off occurs.  Nutritional state could also lead to variation in 
production and transfer of antibodies; however this may depend on the type of 
antibodies being explored.  For example, Blount found total plasma antibodies was 
significantly decreased in individuals fed carotenoids, resulting in these individuals 
transferring lower levels of antibodies to their eggs (Blount et al., 2002). Whilst it is 
believed there is a cost of producing one’s own immune response in relation to other 
traits, there is little information as to if there is an additional cost of transferring 
antibodies for mothers and whether this cost will vary in response to the level they 
allocate.  
 
The pattern of antibody production and transfer of these antibodies to eggs for a 
specific pathogen is likely to be related to the timing of challenge or infection.  
However other “adaptive” responses (differential allocation) may also be occurring 
over a clutch, therefore controlling for variation in maternal levels is vital for 
untangling the effect of time and any other adaptive traits on allocation over a clutch. 
Here I test firstly at what point antibodies are transferred to the egg to establish how 
far in advance to laying any social interactions would have to operate to induce any 
change in female allocation. I then examine whether females 1) vary in their own 
antibody response in response to male traits, 2) vary the transfer level or alter their 
allocation of immunity in response to male traits, 3) whether differences in allocation 
in egg mass result in a proportional increase or change in concentration of antibody 
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level 4) vary their allocation over a clutch, 5) vary in response to sex and 6) whether 
all females follow a single pattern. Finally 7) I look at the cost of this production and 
transfer in the absence of a pathogen challenge. I develop a novel non-destructive 
approach for testing antibody levels in eggs at different points of development to 
monitor if the catabolisation of levels vary across development for the different sexes 
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3.2 Methods 
The study was conducted using a colony of Chinese painted quail (Coturnix 
chinensis), housed at the University of Edinburgh.  General husbandry procedures 
and the production of maternal generation birds were as outlined in section 2.2.1.  
 
3.2.1 Male morphological traits 
Male traits were measured in order to rank males on the basis of trait size before 
assigning them to females. Chinese painted males have a distinct black and white 
patch on their throats (referred to as a “badge”) and females use the size of this  
badge upon which to base allocation decisions, as found in Chapter 2, and see (Uller 
et al., 2005). Measurements of overall badge size and the relative areas of black and 
white components of the badge were achieved by taking standardized photographs of 
each bird as described in chapter 2.  Measurements were repeatable over time 
(repeatability; front white (r= 0.94), front black (r= 0.77), side white (r= 0.82) and 
side black (r=0.70).  No males moved between large and small classification between 
badge size measurements. 
 
The mass of all males were measured to the nearest 0.1 grams every four days during 
the experimental period. Pectoral muscle and fat were assessed using BTO guidelines 
(Ringers’ Manual BTO, Thetford). A skeletal morphometric was determined using 
the tarsus length with an accuracy of 0.01 mm using electronic callipers. As this was 
an experimental set up with birds kept under standardized conditions, body condition 




though different measures of condition 
revealed qualitatively similar results (see, Galvan, 2010, for discussion).  
 
3.2.2 Female morphological traits 
Female morphometrics including tarsus length, weight, muscle and fat scores were 
measured as detailed above.  A female’s baseline egg size was established prior to 
the experiment by taking the weight, length and width of all eggs laid prior to 
housing with any given male and calculating the average weight and volume of an 
egg laid prior to pairing. 
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3.2.3 Experimental setup and treatment groups 
3.2.3.1 Housing  
Birds were housed throughout the experiment in their experimental pairings in 
breeding cages (800 x 500 x 375 mm).   Each breeding cage was lined with wood 
shavings, and contained a nest area for the female (covered area containing hay) and 
a communal sand bath. Cages also contained artificial foliage and one food and water 
hopper.  
 
3.2.3.2 Female treatment  
Biometrics of birds (total body mass (g), tarsus length (mm)) were measured and 
baseline blood samples were collected on day -1 of the experiment.  On day 0 of the 
experiment prior, to pairing to a male each female, was randomly assigned to one of 
two treatment groups: a negative control group was injected with 0.1ml of 
phosphate-buffered saline (PBS) (n=15), the experimental group was challenged with 
0.1ml inactivated Salmonella vaccine (SalenvacT, Intervet) (n=15). A control group 
was included in the experiment to compare the effect of vaccination on female 
allocation, condition and egg production. There was a significant difference in the 
level of antibodies present between the two groups; F1,20= 9.06, p= 0.006 and control 
females did not produce Ab levels above that of the positive threshold.  All models 
exploring mother or maternal antibodies only include treated Salmonella vaccinated 
individuals. 
 
3.2.3.3 Male pairing  
Eight of the PBS and SalenvacT female treated females were assigned to be paired 
initially with a large badge male in their first clutch and seven females from each 
treatment group were assigned to be paired initially to a small badge male.  Pairs 
were left undisturbed to initiate and lay a full clutch of eggs. Once egg laying started, 
eggs were removed on a daily basis but replaced with an identical dummy egg in the 
same location as the egg was found to induce females into laying a natural clutch. At 
day 15 of the experiment, males were removed from their partners and the dummy 
clutch of eggs removed to induce females to lay a further clutch of eggs. Males were 
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then allocated to another female’s cage; females previously housed with large badge 
males were housed with small badge males and vice versa; This was repeated a 
further two times to collect four clutches of eggs from each female – two from 
pairings with large badged males and two from pairings with small badged males. 
 
3.2.4 Female sampling, egg measurements and antibody 
sampling pre-incubation  
Female sampling: Blood samples were taken immediately prior to challenge then 
every 4 days up until 60 days post-vaccination.  Samples were collected via puncture 
of the metatarsal vein using a sterile needle and collection of the blood using 100µl 
capillary tube. Blood samples were centrifuged on day of collection at 9050 rcf/g for 
10 minutes and serum collected and stored at -20°C until antibody analyses were 
conducted. All work was conducted under Home Office License (No PPL 60-4115), 
with full ethical approval from the University’s ethical committee and with 
veterinary supervision throughout.  
 
Egg sampling: Eggs were collected on a daily basis and mass, length and breadth 
were recorded at time of collection. Chinese painted quail eggs can be candled by 
placing a bright light source behind the egg to show the position of the yolk through 
the shell. Eggs were placed in the same position on a light box to illuminate the yolk; 
the yolk sac has a large volume and is usually centrally positioned. Using a micro 
electric drill each egg was drilled (at approximately the same position) on the side of 
the egg to produce a small hole (Image 3.1). A 27G needle attached to a 0.5 mL 
syringe was inserted in to the hole and into the yolk. Yolk (5µl) was extracted via the 
hole using a syringe and needle and then frozen at -20°C for antibody analysis.  The 
egg was then sealed using melted wax and incubated.  
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Image 3.1- Pre-incubation yolk extraction method. 
3.2.5 Embryonic development 
After antibodies had been extracted and the egg sealed, eggs were directly transferred 
into incubators with automatic turners; to be incubated under standard conditions 
(37-38 °C and 40-50% humidity). After 3 days, eggs were removed from the 
incubator and stored at minus 20°C until further analysis was conducted. Eggs were 
then carefully dissected and the presence or absence of embryos was recorded.   All 
egg components were then weighed including the embryo mass (if present), yolk 
mass and albumen mass. If an embryo was present this was put aside for sexing and 
yolks were kept for further antibody analysis.  
 
DNA was extracted from embryo samples using DNeasy kit (Qiagen). The samples 
were then sexed using the polymerase chain reaction (PCR) to amplify part of the W-
linked avian CHD gene (CHD-W ) in females, and its non-W-linked homologue 
(CHD-Z) in both sexes, using PCR primers 2718R and 2550F (Fridolfsson & 
Ellegren 1999). Products were run on a 2% agarose gel and visualized with ethidium 
bromide and the presence of either one (CHD-Z; males) or two distinct bands (CHD-
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Z and CHD-W; females) were used to determine sex. All eggs that developed a 
visible embryo were successfully sexed (SalenvacT; n=31, PBS; n= 69).  
 
3.2.6  Dissection and developing oocyte sampling  
At the end of the experiment the 6 females who were still alive at the end of the four 
clutches were weighed and blood sampled to determine plasma antibody titre then 
killed (using Schedule One methods).  Dissections were then performed on each 
female to collect all developing oocytes and follicle clusters. All distinguishable 
oocytes were weighed and yolks extracted, undefined oocytes were weighed as a 
cluster and yolk antibodies extracted. Extraction of yolk was performed by cutting 
the oocyte in half and squeezing out the yolk.  Of the 6 females dissected 4 still had 
above positive levels of antibodies in their plasma, however one female did not 
(female 466). Another female also does not fit with the oocyte mass increase (female 
529), suggesting she may have begun to stop laying. Both these females were 
removed from analysis.  Egg follicles develop in the order in which they will be laid 
and each egg is laid at 24 hour intervals.  The largest follicle present is therefore in 
the day prior to release into the top of the reproductive tract where fertilisation 
occurs. The egg then has albumen and shell added over the next 24 hours to be laid a 
day later. The largest follicle present is therefore measured 2 days prior to lay and is 
called -2, the next largest is 3 days prior to lay and therefore called  -3 etc. After day 
-4 oocytes samples were pooled so that enough of a sample for antibody extraction 
could be collected; oocytes smaller than the -4 days oocytes to be laid were pooled 
into; pool1, pool2 (slightly smaller, less defined than pool1) and cluster oocytes (lack 
of colour, hard to define individual oocytes).   
 
3.2.7 Antibody extraction  
Antibodies from yolk extracted pre incubation and post incubation were extracted 
following Mohammed protocol (Mohammed et al., 1986). The homogenized yolk was 
diluted 2:1 in Phosphate- buffered saline (PBS) and vortexed for 2 minutes. 
Chloroform was then added to the egg yolk/ PBS mixture at a 1:1 ratio, and vortexed 
for a further 2 minutes.  The mixture was then centrifuged on 9050 rcf/g for 10 
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minutes.  After this time the mixture separates into three layers; a top layer containing 
PBS and supernatant (used for antibody analysis), a deposit of fatty lipids in the 
middle layer and an organic phase containing chloroform and carotenoids in the 
bottom layer.    
 
3.2.8 Antibody analysis: Enzyme-linked immunosorbent 
assay (ELISA) 
Specific enzyme-linked immunosorbent assay (ELISAs) was performed for treatment 
and control groups.  A Salmonella-specific ELISA test was performed using 
FLOCKTYPE
®
 Salmonella ELISA kit (Labor Diagnostik Leipzig, Germany).  The 
kits were manufactured for chicken serum and plasma but quail antibodies are also 
detected and a number of studies have used anti chicken antibody to detect antibodies 
in various quail species. Previous pilot work had established the appropriate dilutions 
to ensure antibodies lay within the bounds of the detectable range of the ELISA kits 
and dilution curves confirmed these lay within the linear part of the test.   
 
Yolk extractions were diluted 1:62 and blood samples were diluted 1:124 with the 
buffer provided.  The optical density (OD) of the resulting solution was read in a 
spectrophotometer at 450nm immediately after stopping the reaction, and corrected 
for using positive and negative controls supplied in the kit.  To estimate the 
repeatability of the method, one sample for each of the treatment groups was tested on 
all plates for each ELISA kit.  The estimated repeatability within plates (98.35%, 
F16,17= 0.898) and between plates (98.21%, F16,17= 0.770)  per kit was high.  Antibody 
titre was calculated using the mean values (MV) of the measured optical density (OD) 
for the negative control (NC) and positive control (PC).  The ratio sample to mean PC 
was then calculated using the following equation. 
S/P ratio= ODsample-OD(MV)NC 
   OD(MV)PC-OD(MV)NC 
Control individuals had antibody titres of 0.039± 0.1232SD (Salmonella ELISA plate). 
Any serum S/P ratio of less than 0.1 was treated as a negative antibody response 
(within the confidence intervals of the control groups antibody titre values).   
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3.2.9 Statistics 
Before conducting analyses, normality of residuals and homogeneity of variance 
were checked. Raw values for antibody titres were log transformed to achieve 
normality. Data were analysed using linear mixed effect models (using the software 
“R”), in which female identity was included as a random factor. Binomial dependent 
variables were analysed using the statistical modelling package “lmer” using the 
family- binomial, for all other models I used the package “lme”.  Factors affecting 
sex ratios of clutches were analysed using linear mixed effect models, binomial error 
and logit link function. In each analysis, the number of sons divided by the number 
of daughters plus sons was fitted as the response variable and the numbers of viable 
eggs and total clutch size in the brood was included as covariates in the model. 
Where sex ratio was the response variable models were weighted by clutch size to 
correct for variation in the size of clutch. Clutch 1 did not have enough data to 
produce maximal models therefore variables were explored independently. Initial 
male and paternal male effects across clutches were explored in separate maximal 
models and then a backward stepwise procedure was used to remove non-significant 
terms from the model. 
 
Effect of female circulating antibody response was determined using the peak 
antibody titre per female and including this as a response variable in relation to egg 
traits and parental traits. Egg antibody levels pre and post incubation were also 
explored against egg traits. Furthermore a series of models were ran controlling for 
the effect of variation between mothers in their own antibody responses to challenge 
at specific points when eggs were laid, firstly by including these values in the model 
as a covariate along with day (to control for change in antibody level in the female 
over time).  The relative level of circulating antibody transferred to the egg (egg 
antibody/ female antibody) was also calculated directly to investigate how this ratio 
related to other measures of a female’s antibody response as well as other female and 
male traits and egg traits. Total levels of antibodies were also explored either 
calculated as yolk mass*yolk antibodies or egg mass*yolk antibodies (further 
discussion in results). 
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3.3 Results 
3.3.1 Dissection findings 
For this part of the analysis I was interested in determining at which point in the 
development of an oocyte female antibody transfer can be detected and at which 
point these correlate with female plasma levels. The relationship between the 
females’ antibody levels just prior to culling and females developing oocytes were 
explored.  
 
3.3.1.1 At what stage of oocyte development are antibodies 
detectable? 
Antibody concentrations above the negative threshold were found in the follicles that 
were 2, 3 and 4 days prior to lay when concentrations were calculated from 
standardised samples corrected for overall yolk mass (oocyte 2 days prior to lay 
mean=1.022 ±0.16SE), oocyte 3 days prior to lay (mean=0.638 ±0.21SE) and oocyte 4 
days prior to lay) (mean=0.195 ±0.06SE)). The 4
th
 oocyte (-5 days prior to lay), 
pooled samples and cluster had antibody levels below the negative threshold (day -5 
oocytes; mean=0.042 ±0.03SE, pool1; mean=0.005 ±0.001SE, pool2; mean=0.001 
±0.001SE and cluster; mean=0.07 ±0.003SE) (Figure 3.1).  
 
There was no significant difference between the mean level of antibodies found in 
the largest and next largest oocytes (q = 1.33, p= 0.275) but there was between the 
first and the third largest oocyte (-4 days) (q= 8.16, p= 0.01). Both the change 
between -4 to -3 and -3 to -2 days prior to lay oocytes was large. Percentage change 
in oocyte antibody levels (correcting for mass) was 245.65% ±68.28SE for -4 to -3 
days and 95.22% ±28.66SE for -3 to -2 days. There was no difference between pool1 
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Figure 3.1 Antibodies were found in the 3 oocytes yolks closest to being laid when 
oocytes mass was accounted for, there was also a significant difference between 
oocyte- 4 and oocyte-2 days to be laid (indicated by **). Negative threshold of 
detectable antibodies presented as a dotted line at 0.1 S/P value. 
 
Not all studies that explore antibody concentrations take total yolk volume into 
account in their calculations so for comparison the analysis was repeated using the 
concentration in the standardised samples only. This analysis suggested detectable 
levels in the -2 days (mean=0.743 ±0.089SE), -3 days (mean=0.757 ±0.0.183SE), -4 
days (mean=0.713 ±0.135SE) and -5 days oocytes to be laid (mean=0.309 ±0.17SE).  
Pooled samples and cluster antibody levels were below the negative threshold 
(pool1; mean=0.074 ±0.01SE, pool2; mean=0.035 ±0.02SE and cluster; mean=0.042 
±0.02SE (Figure 3.2). Comparing between the means (Tukey’s multiple comparison 
test) of oocytes in the order in which they would be laid found a significant 
difference between cluster, pool1 and pool2 and -5 oocyte and oocyte -4, -3 and -2 
days (p <.05). Oocytes 4, -3 and -2 days were not significantly different from each 
other. Interestingly the greatest change between oocytes with detectable levels of 
antibodies (in concentration rather than absolute levels) was between oocytes -5 and 
-4 in line to be laid; mean percentage increase of 149.92% ±52.18SE in contrast to the 
results found when only concentration was considered. 
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Figure 3.2 Detectable levels of antibodies was found in the first 4 oocytes yolks 
(indicated by **). Cluster, pool 2 and pool 1 had levels below the negative threshold 
of detectable antibodies (represented by the dotted line at 0.1 S/P value) 
 
The difference between the two analyses suggest that all yolk components are not 
allocated consistently over time and demonstrates the importance of considering 
overall yolk volume when establishing total yolk concentrations of antibody. 
 
3.3.1.2 Do oocyte antibody levels correlate with female 
antibody levels?  
Antibody concentration in oocytes correlated with female antibody levels in the 1st 
and 2
nd
 oocytes that will next be laid (-2 days to oocytes to be laid; r= 0.977, p= 
0.022, n=4 and with -3 days to oocytes to be lay; r= 0.978, p= 0.021, n=4 (Figure 
3.3). No significant correlation was found between female antibody level and oocyte 
antibody level in eggs later in sequence, suggesting that oocyte/yolk antibody levels 
only start to reflect antibody levels in the mother in the two days prior to it’s 
fertilisation (Figure 3.3). 
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Figure 3.3 There was a significant correlation between female antibody levels and 
oocyte antibody levels (correcting for mass) in oocytes -2 days to be lay (indicated 
by solid black line, solid circles and -3days oocyte and female antibody level (grey 
line, grey squares). 
3.3.1.3 Dissection Summary 
In summary, while low levels of antibodies may be present in the oocyte earlier in 
development, the main increase in antibody transfer is detectable 4 days prior to the 
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3.3.2 Do male traits influence female antibody levels? 
In this section I examine 1) how female blood antibody levels vary when paired with 
different males 2) how egg antibodies vary when females are paired to different 
males and 3) whether the relative allocation of female antibodies to the egg varies 
when females are paired with different males (control individuals were not included 
in this analysis). 
 
3.3.2.1 Female blood antibody levels: Initial allocation 
decisions 
Female peak antibody titre did not differ between females initially paired with a large 
badge male compared to females initially paired with a small badge male (t-test; t= 
0.30, df= 5.45, p= 0.774).  The time it took for a female to reach her peak antibody 
level, controlling for her baseline antibody titres, also did not differ between females 
initially paired with a large or small badge male; t8=-0.57, p= 0.586 (peak day also 
did not covary with peak levels produced; t5= -0.51, p= 0.616). Maternal antibody 
level across clutch one did not vary with male badge size (t82= 0.70,  p= 0.491), male 
mass (t14=1.44, p= 0.152) or male condition index (t14= -1.70, p= 0.109). 
 
3.3.2.2 Female blood antibody levels: response to pairing 
with different males 
Paternal male badge size did not influence female antibody levels (main effect; t195= 
-1.2, p= 0.207) over the course of her reproductive life in this experiment. Male mass 
(t195= -0.23, p= 0.817) and male condition (t195= -1.17, p= 0.240) also did not 
influence the immune response of a female.  
 
3.3.2.3 Female blood antibody levels: carry-over effects 
Initial male badge size had no carry over effect on female antibody level over the 
course of her subsequent clutches; t189= 0.61, p= 0.551.  Initial male condition index 
(t14= -1.30, p= 0.194) or mass (t14= 0.47,  p= 0.637) had no relationship with female 
antibody levels across clutches. Furthermore there was no relationship between 
initial male traits and the peak day of a females antibody response or any effect of 
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male badge size; t6= -0.48, p= 0.762 or condition index; t6= 1.94, p= 0.089 and mass; 
t6= 0.59, p= 0.553). 
 
3.3.3 Do male traits influence the level of antibodies in the 
egg? 
3.3.3.1  Level in eggs:  initial allocation decision 
Male badge size in the first clutch did not affect the concentration of antibodies in 
yolks (pre incubation); t6= 1.64, p= 0.347, or male condition; t= 1.64, df= 6, p= 
0.347. There was also no relationship between the concentration of antibodies 
present and egg mass (t10= -0.825, p= 0.428).  
 
We then calculated total antibody content per egg by multiplying yolk antibody 
concentration by yolk mass. However, our yolk mass measurements were made 3 
days into incubation and it is known via the results in Chapter 2 that embryos from 
females initially paired with large badge males have higher growth. It is therefore 
likely that these embryos have utilised more yolk. No difference was detected in the 
level of albumen in females initially paired to large badge males; t6= -1.68, p= 0.118 
(mean albumen large badge =1.64 ± 0.08SE, mean albumen small badge =1.50 ± 
0.07SE). Therefore egg mass was also used to estimate total antibody content as yolk 
mass may have changed between 0 and 3 days of incubation. There was no effect of 
male badge size when total egg antibodies was calculated using yolk mass; t6=-0.06, 
p= 0.960, however, a non-significant trend was found when exploring total antibody 
per egg calculated using egg mass; t6=2.03, p= 0.088. 
 
3.3.3.2  Level in eggs: when females are paired to different 
males 
Paternal male badge size, male mass and male condition all had no effect on the 
concentration of antibodies found in eggs produced by a females paired to different 
males over the course of four clutches: (badge size; t12= 0.38, p= 0.191, condition 
index; t21=1.38, p= 0.181). Egg mass, clutch size and embryo sex were also included 
in the model, the results of which are discussed later.  
Factors affecting maternal provisioning to the prenatal environment 
The impact of parental traits on the transfer of maternal antibodies 
73 
 
3.3.3.3 Level in eggs: carry-over effects 
Across clutches pre incubation antibody concentration in yolks were not significantly 
altered by the badge size of the male a female was initially paired with; t4=-0.41, p= 
0.699, initial males mean condition; t4= -0.33, p= 0.793. Yolk mass (for eggs that 
didn’t develop) did not covary with concentration of antibodies in them; t20=0.17, p= 
0.864.  
 
The total antibody levels of the yolks, when calculated via yolk mass (egg antibody 
titre*yolk mass) had no carry-over effect due to Initial male badge; t4=-1.21, p= 
0.291 or an effect of paternal male badge; t12=1.63, p= 0.126. When total antibody 
level was calculated with egg mass (egg antibody titre*egg mass), initial male badge 
size has a significant effect on total levels; interaction between initial male badge 
size and clutch; t4= -2.73, p= 0.009. This suggests initial male may have an effect on 
total antibody level at the point of lay, however this finding requires further 
investigation in unincubated eggs. 
 
3.3.4 Relative level transferred: initial allocation decision 
Individual variation in the relative level of antibodies transferred in relation to 
maternal circulating levels has seldom been addressed but females may vary 
considerably in the relative amount of their own antibodies that they transfer to the 
egg (see Chapter 4). I therefore calculated the relative level of antibody transferred to 
eggs to examine whether this varied in relation to male traits. I controlled for female 
antibody response at the time each specific egg was produced and included these 
values as a covariate in the model, along with time (as a continuous variable). I also 
calculated the relative level transferred directly (female antibody level minus egg 
antibody level) to determine how relative levels of transfer may covary with other 
female traits. Table 3.1, presents these results across clutches.  
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3.3.4.1 Relative level transferred: first clutch 
Within clutch one there was no effect of any of the male traits recorded on the 
relative amount of antibody transferred to offspring. Only female antibody level had 
a significant positive relationship with egg antibody concentration; t10= 15.99, p 
<.001. Furthermore, no relationship was seen between relative transfer and change in 
egg mass from clutch 0 to clutch 1(no interaction between change and Initial male 
badge; t5= 0.57, p= 0.581 or egg mass change alone; t6= 1.89, p= 0.869). There was 
also no interaction with embryo sex on the relative level transferred.  
 
Yolk mass at 3 days of incubation did not significantly differ between the females in 
these two initial pairing; t7= 1.55, p= 0.225, contrary to what might be predicted due 
the egg mass finding. 
 
Total relative level of antibodies calculated using yolk mass had no relationship with 
male badge size; t4= 1.25, p= 0.429. However, there was a non-significant trend is 
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Table 3.1 Results from linear mixed effects analyses (across clutches). Maximal and 
minimal model values for female baseline, embryo sex, clutch size and egg mass 
shown are only for the maximal model including Initial male badge size. Values for 
other male traits and paternal male traits are presented from their maximal and 
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3.3.4.2 Relative level transferred: response to different 
males 
 Exploring the level of antibodies transferred to eggs correcting for female levels 
across breeding attempts there was no effect of male badge size, male mass or male 
condition on the relative amount transferred (Table 3.1, models 2 and 3).  
 
Total relative level of antibodies calculated using yolk mass had no relationship with 
paternal male badge size; t14= 0.626, p= 0.542. This was also the case when total 
relative level was calculated using egg mass; t14= 3.14, p= 0.104. 
 
3.3.4.3 Relative level transferred: carry-over effects 
No carry-over effect of Initial male was found on relative transfer of antibodies 
(Table 3.1). Total relative level of antibodies calculated using yolk mass had no 
relationship with Initial male badge size; t4= -1.25, p= 0.297. However, if relative 
total antibodies was explored (egg mass* yolk Ab), female antibody concentration in 
the model resulted in a carry-over effect of initial male badge size interacting with 
clutch; t4= -3.46, p= 0.001. Suggesting that the effect seen in total antibody levels 
being transferred is directly due to mass difference between eggs and not female 
antibody levels.  
 
3.3.5 Embryo sex 
3.3.5.1 Initial allocation of antibodies 
Within clutch one there was no relationship between embryo sex on the relative; t6= 
0.868, p= 0.418 or concentration of antibodies transferred; t6= -1.56, p= 0.169. 
Position in clutch also had no significant relationship with relative; t6= 2.16, p= 
0.074 or concentration of antibodies transferred; t5= -1.15, p= 0.302. 
  
3.3.5.2 Total level transferred  
The concentration of antibodies did not differ with embryo sex (Table 3.1).  
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Sons and daughters also did not vary in their total antibody level, yolk mass*yolk 
antibodies; t23= 0.31, p= 0.763 or as egg mass*yolk antibodies; t23= 0.27, p= 0.782. 
Exploring position in clutch and embryo sex there was also no interaction between 
embryo sex and position in clutch on the total level of antibodies found, yolk 
mass*yolk antibodies; t21=-0.59, p= 0.557 or as egg mass*yolk antibodies; t21= -0.70, 
p= 0.491. This was also true total antibodies was calculated using egg mass instead 
of yolk mass; t21= -0.70, p= 0.491. 
 
3.3.6 Cost of immunity 
3.3.6.1 Cost of immunity to female traits 
For this analysis, data from both control and treatment groups were considered. The 
difference between treatment groups at the beginning of the experiment (SalenvacT 
challenged and PBS control groups) did not differ in their body condition index; t= 
0.35, n=30, p= 0.723 (t-test). To determine if there was any affect of treatment over 
the experiment females mean condition per clutch were compared between 
treatments using a linear mixed effects model including female ID as a random 
effect. There was no difference found between control and treatment birds in female 
condition over the experiment (t36= 0.01, p= 0.990). Clutch size also did not differ 
between treatments (t36= -0.29, p= 0.768), or number of viable eggs (t16= -0.221, p= 
0.827) or sex ratio (z= 0.29, p= 0.769).  
 
Within the SalenvacT groups female baseline condition had no relationship with the 
level of circulating antibodies a female had in the first clutch; t92= 1.11, p= 0.270, or 
clutch size; t92= -1.40, p= 0.163, suggesting no initial trade-off between condition 
and immunity. Only day had a positive significant relationship with female antibody 
levels in the first clutch and this is unsurprising as female were all at the beginning of 
their immune response and therefore in increasing stage of their antibody response; 
t92= 5.93, p= <.0001.  
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However, over the course of the experiment and all four clutches, there was a 
significant negative relationship found between female antibody levels (correcting 
for day) and clutch size; t179= -3.35, p=<.001. Females with higher levels of 
antibodies produced smaller clutches. No significant relationship was found between 
female mean condition per clutch and her circulating antibody levels; t179= 0.71, p= 
0.478. 
 
The effects of peak antibody level (as opposed to total antibody level described 
above) was also examined on reproductive traits. Peak antibody titre in mothers had 
no relationship with individual clutch size; F1,4= 0.277, t= -0.52, p= 0.626  or egg 
mass; t4= -0.71, p= 0.51. 
 
 In eggs, pre incubation yolk Ab concentration had a no significant relationship with 
female mean condition; t51= -1.63, p= 0.118. There was also no relationship found 
between post incubation concentration (t51= -0.65, p= 0.519) or relative levels (t51= -
0.64, p= 0.523) of Ab transferred in relation to female condition, or total level 
transferred in eggs t51=-0.51, p= 0.614. None of these values have any relationship 
with female baseline condition index; all p> 0.4. 
 
3.3.6.2 Cost in relation to offspring traits 
In the previous chapter I found that viability within a clutch was significantly 
affected by paternal male badge size, clutch size and egg mass. Therefore, a model 
including these variables plus female peak antibody titre (for SalenvacT treated 
individuals) was run to explore their effects on viability. Like the findings in the 
previous chapter there was a significant effect of paternal male badge size (larger 
badge males produce more viable eggs) on viability but this was independent of egg 
mass; z=2.04, p= 0.041, clutch size (z=2.21, p= 0.027) was retained in the model.  
Egg mass was retained in the model (due to AIC) however was non-significant (z=-
1.23, p= 0.217). Female peak titre (z=2.10, p= 0.035) was also found to be associated 
with the number of viable embryos produced across all 4 clutches with higher peak 
titres being associated with lower viability.  
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To determine the overall effect of the antibody response over the whole experiment 
all eggs and total number of embryos (across whole experiment) was explored. No 
significant relationship was found between the number of eggs produced and peak 
antibody response; t14= -1.687, p= 0.117. There was also no significant difference 
between treated and control individuals in overall number of eggs produced, 
although there was a non-significant negative trend of treatment; t25= 4.08, p= 0.072. 
However, female peak antibody response had a significant negative relationship with 
number of embryos produced (t4= -3.55, p=0.023), suggesting a trade-off between 
viability and high levels production of antibodies (Figure. 3.4). 
 
 
Figure 3.4 Female peak antibody level over the cause of her antibody response in 
relation to number of embryos she produced, negative relationship shown; t4= -3.55, 
p=0.023. 
 
Yolk Ab post incubation had a significant relationship with pre incubation yolk Ab; 
t= 9.447, p= <.0001, n=6 (30 eggs).  However, relative antibody tires had no 
relationship with female antibody titres; t23= 0.58, p= 0.561. Furthermore mean 
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relative transfer over a clutch had no relationship with female peak antibody titre; t5= 
-0.38, p= 0.719.  
 
It is also unlikely that antibody transfer inhibits development of embryos as there 
was no difference in the level of antibodies transferred found between developed and 
undeveloped eggs pre incubation; t47= -0.811, p= 0.422 or relative levels; t47= -0.471, 
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3.4 Discussion  
In the light of recent findings and my own work from Chapter 2 I examined whether 
females adjust their allocation of maternal antibodies in response to male traits. I 
found no evidence that females’ own antibody responses varied in relation to male 
traits or that females actively allocated more antibodies to eggs in relation to male 
traits. In Chapter 2 I found that females laid larger eggs when initially paired with 
large badged males and that this effect on egg size carried over to subsequent 
clutches when paired with different males. I found evidence to suggest this may 
result in a greater total antibody concentration in eggs as a result but this needs to be 
verified by looking at antibody levels in unincubated eggs. I found no evidence to 
suggest a sex bias in allocation and no difference in the utilisation or decay of 
maternal antibodies by the two sexes between initial titres pre incubation and 
antibody levels at 3 days of incubation. Evidence was found to suggest that 
producing an antibody response and the level to which this response occurs (in the 
absence of a pathogen) may trade off with both the quantity and viability of eggs a 
female can produce across a number of breeding attempts.  
 
3.4.1  Developing yolk findings 
To my knowledge only one paper discusses the transfer of antibodies from mother to 
developing oocytes in detail; examining the average level of transfer of antibodies in 
oocytes from white Leghorn chicken across development stages (Kowalczyk et al., 
1985). The author found that 8 to 3 days before oocyte maturity mass and antibody 
content increases exponentially and that the maximum uptake of antibodies occurred 
3 to 2 days before oocyte maturity. Here I show that maternal circulating antibody 
titres have a significant relationship with oocyte/yolk antibody levels, however this 
relationship is only found at specifically the two latest points of development of the 
oocyte where the yolk is well formed, illustrating that only in the later parts of yolk 
development antibodies are transferred at a high levels and reflect levels present in 
the mother. As expected, oocyte antibody levels and oocyte mass have a significant 
relationship with time to laid. However, one of the most interesting findings from the 
experiment was that there was a specific point in the development of the oocytes 
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where the difference between oocyte and previous oocytes mass and antibody titre 
differed significantly. This was between oocytes 4 and 3, suggesting that at this point 
there is a surge in antibodies into the oocyte and this may also be the case for other 
yolk components such as hormones (Groothuis and Schwabl, 2008). The findings 
from this part of the experiment suggests that levels found in a egg correlate with 
antibody levels in the mother 24hrs prior to lay and may even correlate with a 
mothers antibody levels at 48hrs prior to lay. 
 
The relative timing of this event is important to consider in relation to how 
interactions with different males could influence allocation decisions. Eggs are laid 
24 hours after fertilization and maternal deposition of antibodies and other major 
yolk components commences a further 3 days prior to fertilisation. If males were to 
influence antibody levels directly then interactions would have to take place several 
days prior to laying when the egg is formed and total IgY antibody allocation to the 
yolk would be complete 24 hours prior to lay. Addition of other constituents could 
however influence the concentration of yolk antibodies right up to the point the eggs 
is laid. These results demonstrate the importance of considering egg or yolk volume 
when measuring allocation effects as simply considering concentration levels of a set 
aliquot size may not reflect the same patterns. 
 
3.4.2 Female antibody response in response to male 
traits. 
Differences in female allocation of antibodies when paired to a particular male may 
occur via a number of mechanisms, firstly, females may alter their immune response 
in relation to the male they are paired with, secondly, females may alter egg traits 
with subsequent impact on maternal antibody levels (e.g. by altering egg mass), or 
finally, females may increase the relative level of antibodies transferred to eggs.  
 
 No evidence was found to suggest that any aspect of the female immune response 
was affected by the male characteristics I examined. While limited studies have 
explored maternal immune response and partners traits this was also the case in 
another study exploring antibody production and transfer to offspring, where 
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maternal levels had no relationship with male traits (Saino et al., 2002b).  In this 
study there appears to be no cost of the transfer level of antibodies on maternal 
condition, however the immune response of the mother itself may be costly as it had 
a negative relationship with the viability of eggs and the total number of viable 
embryos produced by females across her reproductive life within the experiment. 
 
3.4.3 Yolk antibody levels in response to male traits. 
Differential allocation suggests that females may alter allocation or resource to 
offspring when partnered with preferred males. In chapter 2 I found that females 
altered the number of eggs they produced when paired with different males, 
however, in this study I found no effect of paternal badge size on maternal antibody 
transfer to yolks. This was the case for all three measure of yolk Ab used (pre 
incubation, post 3 days incubation and relative transfer of Ab). This is similar to a 
study in collard flycatchers which found no effect of male secondary sexual traits 
(forehead patch size) on yolk antibody levels (Hargitai et al., 2006).  
 
In the previous chapter I found a significant effect of badge size on egg mass as a 
consequence of a female’s initial allocation decisions when they first paired carrying-
over to subsequent breeding attempts. In this chapter I found no carry over effect on 
yolk antibody concentration or on our initial estimate of total antibody level. 
However yolk antibody level was initially calculated using the remaining yolk mass 
after 72 hours of incubation and our findings from chapter 2 suggest utilisation of 
yolk may have differed during this time (initial carry over effect on embryo mass). 
When I used the change in egg size to calculate the total antibodies transferred per 
egg (calculated as egg mass*antibody level), there was a significant carry-over effect 
of a female’s initial allocation decision on antibody level across clutches. Therefore 
for this part of the experiment there appears to be some change between 0 and 3days 
of incubation that we could not observe but is important to understanding how the 
carry-over effect seen on egg mass influences total antibody levels. Does yolk mass 
reflect egg mass with relation to carry-over effect and this is just not seen at 3 days as 
the embryo has already absorbed some of the yolk? Or do other components of the 
egg vary in relation to carry-over for example albumen mass as this too is an 
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important component for embryo development (Bonisoli-Alquati et al., 2007)? In 
this study the albumen was not larger for females initially paired with a large badge 
male compared to females who were initially paired with a small badge male. Only 
further study can pull these apart to determine how total maternal antibodies are 
effect when a carry-over effect is present.  
 
3.4.4 Maternal transfer of antibodies to embryos of 
different sexes 
Sex differences in allocation of maternally transferred substances have been found  
(Saino et al., 2003, Martyka et al., 2011) as well as other components important to 
physiological development such as androgens (Groothuis et al., 2005), corticosteroid 
(Love et al., 2005) and carotenoids (McGraw et al., 2005). Therefore a key part of 
this chapter was to determine if offspring of different sexes are allocated maternal 
antibodies differently or if there is a physiological process causing increased decay 
of antibodies in one sex.  I found no difference in the level of antibodies allocated to 
male and female offspring and no significant difference between pre incubation 
levels of antibodies and post incubation levels between male and female offspring. 
This suggests that in my population there is no variation in decay or assimilation of 
yolk antibodies between offspring sex (up to 3 days of incubation).  
 
3.4.5 Cost of immunity 
As expected the concentration of yolk Ab pre incubation was positively correlated to 
yolk Ab post incubation and both were correlated with maternal plasma Ab, in line 
other literature (Grindstaff et al., 2005, Blount et al., 2002, Martyka et al., 2011). 
However, relative transfer was not correlated with female peak titres, suggesting that 
females who produce high circulating antibody levels may not necessarily transfer 
relatively more antibodies to their eggs than other individuals (see Chapter 4).  
 
Hargitai et al., 2006 found a non-significant positive relationship between body 
condition and female circulating Ab levels and suggest that high antibody titres could 
indicate high-quality females. As suggested by other studies up-regulation of the 
immune system may be costly (Lochmiller and Deerenberg, 2000). Therefore if 
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circulating levels of antibodies in the mother reflect the amount transferred to eggs 
we may find only good quality individuals can produce and transfer high levels of 
antibodies.  
 
In this chapter I also found that female antibody response had a significant negative 
effect on egg development. Females with a greater peak in circulating antibodies in 
her plasma produced a smaller number of viable eggs over the course of the 
experiment. Furthermore when I explored the levels of circulating antibodies on 
specific days across a clutch I detected a negative relationship with clutch size, 
suggesting that exploring peak titres of a females antibody response only picks up 
larger effects on reproduction, however with more resolution (exploring levels day 
by day) the antibody response is not only affecting viability but also clutch size itself. 
Other studies have found in females who are responding to an immune response 
reproduction is compromised. For example in pied flycatchers (Ilmonen et al., 2000) 
scientists have found females responding to diphtheria-tetanus vaccine (in one study 
site) had a reduction in fledging success compared to control individuals. This study 
adds to the body of literature showing a trade off between immunity and 
reproduction and highlights these effects are detectable during the earliest stages of 
development before hatching even occurs (for review see, Lochmiller and 
Deerenberg, 2000).  
 
3.4.6 Summary 
In this study I add to the growing field of study exploring differential allocation and 
maternally transferred immunity. In this study there was no variation found in the 
transfer of maternal antibodies or maternal antibody response of mothers due to 
paternal traits. This highlights that maternal antibody transfer and maternal antibody 
response in this species are not traits affected by male traits. However, I again 
highlight that carry-over effect of initial allocation decisions may impact on antibody 
levels available to developing offspring despite no direct effect of these interactions 
on female antibody production. The effect of female antibody response on viability 
and clutch size but no effect on other reproductive traits suggests that there may be a 
trade-off between the level of an antibody response and the quantity of eggs 
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produced. This may become a highly important trade-off in wild systems with 
females under low resources and high parasite burdens.  
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4 CHAPTER 4 
_____________________________________ 
 
Individual variation in the transfer of maternal antibodies 
to the embryonic environment 
 
4.1 Introduction 
The immune response plays a key role in protecting individuals from disease and this 
protection can be extended to offspring via the transfer of maternal immunity (for 
review see, Hasselquist and Nilsson, 2009). Maternal immunity can be crucial in 
protecting offspring in early life when their own immune system is developing and 
hence can play an important role in health and fitness. Maternal immunity is induced 
when females are exposed to a pathogen in the maternal environment prior to or 
during reproduction but can also be induced by health interventions such as 
vaccination. Maternal antibodies are a major part of this response and their transfer 
to offspring is therefore an important source of phenotypic variation potentially 
affecting the ability of offspring to deal with infection. Such maternal effects, 
whereby female allocation during pregnancy or egg production influences the 
phenotype of developing young, can have a major impact on the relationship between 
genotype and phenotype. They can therefore be a powerful evolutionary force that 
can adjust the speed of trait change in response selection of both host and pathogen 
(Mousseau and Fox, 1998b) (Kirkpatrick and Lande, 1989) as well as having a direct 
impact on offspring health. 
 
Factors that affect an individual’s immune response have been well studied; in 
contrast less is known about the factors determining the level of maternal antibody 
transfer to offspring. Despite being a widespread mechanism playing a role in 
offspring protection from disease across taxa, little is known, for instance, about how 
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females may vary in their levels of antibody transfer or how antibody transfer may 
change over time within the same individual; and how females respond to different 
types of infection and the consequence for offspring produced. It has been assumed 
that maternal antibody transfer is passive with levels in offspring simply reflecting 
levels of antibody in the mother at the time of egg production (Kowalczyk et al., 
1985); in birds, for example, much of the early literature from poultry science 
suggests that the level of antibody transfer is fairly invariant and that females 
consistently transfer approximately 20% of their circulating antibody level to each 
egg produced (Brambell, 1970). However, variation at the individual level has 
seldom been fully explored and whether variation may exist between individuals in 
the proportion of circulating antibodies transferred to offspring remains unclear. If 
variation exists for this trait, then the level of transfer may itself be a trait open to 
selection or manipulation if Ab levels are indeed related to offspring survival 
(Boulinier and Staszewski, 2008)  
 
Recent literature from the field of evolutionary ecology has suggested that maternal 
responses to infection may be less invariant than previously thought. Levels of 
immune transfer may be allocated differently in response to a number of factors 
including mating partner (Saino et al., 2003), sex of offspring (Martyka et al., 2011) 
or position in a clutch (Blount et al., 2002). This is consistent with life history theory, 
which predicts that the level of antibody transferred to offspring should vary, 
depending on the likelihood of their success. However, it is unclear whether the 
degree of antibody transfer is actively adjusted for different offspring or whether the 
levels transferred are simply a consequence of changing levels of maternal antibodies 
as different eggs in a laying sequence are formed.  
 
Establishing how patterns of antibody allocation relate to a female’s antibody 
production within and between individuals is necessary to establish the ecological 
and evolutionary implications of these maternal effects. However, progress has been 
hampered by a lack of information on how antibody levels change in mothers during 
the period when eggs are being formed. Data from the general immunological 
literature would suggest the typical pattern of an antibody response post-challenge is 
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characterised by a slow then increasing rise to peak antibody level, followed by a 
steady decline as antibodies are catabolised (Cruse and Lewis, 2004). Post acute 
infection, cells produced by the primary immune response persist as memory cells 
allowing rapid production of further antibodies to be produced if there is re-infection. 
Maternal transfer would therefore be expected to track this pattern of antibody 
production over time. However, co-infection is common with females potentially 
producing a range of specific antibodies to a range of different types of pathogen 
they encounter in the environment (Petney and Andrews, 1998, Cox, 2001). As a 
result, the response to one immunological challenge may be modulated by current or 
historical immune responses as individuals are often exposed to multiple challenges 
over a short period of time (Martin et al., 2006). In this case, activation of one 
component of the immune system may limit or promote the expression of another – 
bacterial challenge for example may stimulate the immune response in ways that 
make responses to a vial challenge initiate more quickly. Furthermore, individuals 
may vary in their ability to respond to these different types of challenge due to 
genetic and ontogenetic differences in immune development (Ardia et al., 2011) – 
how these differences then impact on maternal transfer has yet to be examined 
  
Here, I experimentally investigated how female Chinese painted quail, Coturnix 
chinensis, vary in their own immune response and the level at which this is passed to 
the egg over the course of an antigen challenge. I also tested the response of females 
to different types of challenge (a bacterial and viral challenge) and investigated 
variation in the level of antibody transferred by females. Further to this I measured a 
number of female traits and analysed their relationship to the transfer of antibodies. I 
then considered the evolutionary and ecological implications of maternal antibody 
allocation and addressed how observed patterns of antibody allocation over the 
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4.2 Method 
General husbandry conditions were identical to those outlined in Chapter 2 and 3 and 
therefore only briefly outlined here.  
 
4.2.1 Study system: Establishing the maternal generation 
The study was conducted using a colony of Chinese painted quail (Coturnix 
chinensis), established at the University of Edinburgh, to provide parental birds which 
had no previous exposure to common pathogens. To establish the parental generation, 
eggs were collected from multiple commercial breeders around the UK and sprayed 
with Ambicide
TM
 (1% dilution) prior to incubation to prevent any transfer of common 
environmental pathogens into the colony. Eggs were incubated under standardised 
conditions (37-38 °C and 40-50% humidity rising to 70% prior to hatching) then 
brooded for 24 hours prior to transfer to communal cages. Chicks were fed ad libitum 
and kept in large (2,400 x 500 x 375 mm) mixed sex cages (14 birds per cage) until 
they reached sexual maturity. Cages contained wood shavings, multiple feeding 
stations, covered areas and sand baths, a setup which allows birds to follow their full 
repertoire of natural behaviour. Birds were ringed to allow individual identification at 
six weeks of age. Standard biosecurity measures to maintain a pathogen free flock 
were in place throughout the duration of colony establishment and the experiment. 
 
4.2.2 Experimental protocols 
Two weeks prior to the start of the experiment, birds were moved into breeding 
groups in which they remained for the duration of the experiment. Birds were housed 
in cages (800 x 500 x 375 mm) in a ratio of three females to one male. Each cage was 
lined with wood shavings, and contained a nest area for each female and a communal 
sand bath. Adult birds were maintained on a photoperiod of 16 h:8 h L:D and on a 
diet of Haith’s finch seed, EMP, Prosecto Insectivorous and oystershell in a mix of 
20% protein, 2.5% calcium and 77.5% seed for the duration of the experiment. Total 
feed per cage was 71.6g based on 17.9g of feed per bird, which is 10% less than adult 
laying female ad lib consumption over a 24 hour period (unpublished data).  
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C. chinensis eggs are highly polymorphic in both background colour and in the 
presence/absence and type of markings. Once laying commenced, females were 
observed continuously to identify the colour morph of each female enabling eggs to 
be assigned to individual females. Birds were housed so that all females in a cage laid 
sufficiently different eggs to allow eggs to be confidently assigned to a given female. 
Eggs were removed on a daily basis to allow females to continue laying over the 
course of the experiment. Biometrics of females (total body mass (g) and tarsus 
length (mm)) were measured and baseline blood samples were collected on day 0 
prior to treatment, along with tarsus and mass measurements. 
 
4.2.3 Challenge of treatment groups 
In each cage, females were randomly assigned to one of three treatment groups 
(Image 4.1): in the negative control group females were injected with 0.1ml of 
phosphate-buffered saline (PBS) (n=18), bacterial challenge group females were 
challenged with 0.1ml inactivated Salmonella vaccine (SalenvacT, Intervet) (n=19) 
and viral challenge group females were challenged with 0.25ml inactive Newcastle 
Disease virus (NDV) (Paramyxo P201 Intervet) (n=18). Each cage therefore 
contained one bird from each treatment in order to control for cage effects. A control 
group was included in the experiment to compare the effect of vaccination on female 
condition and egg production. Blood samples were taken immediately prior to 
challenge then every four days up until 39 days post-vaccination. Samples were 
collected by puncturing the metatarsal vein using a sterile needle and taking up blood 
in a 100µl capillary tube. Blood samples were centrifuged on day of collection at 
9050 rcf/g for 10 minutes and serum removed and stored at -20°C until antibody 
analyses were conducted. All work was conducted under Home Office License No 
PPL 60-4115, with full ethical approval from the University’s ethical committee and 
with veterinary supervision throughout.  
 
4.2.4 Repeatability of response over different treatments 
A subset of individuals was re-vaccinated at 42 days post first treatment. Salenvac T 
individuals were vaccinated with 0.25ml NDV at day 42 (n=4) and NDV individuals 
Factors affecting maternal provisioning to the prenatal environment 
Individual variation in the transfer of maternal antibodies to the embryonic environment 
92 
were revaccinated with 0.1 ml SalenvacT (n=3). Blood samples were collected at 
four-day intervals and eggs were collected daily from these birds until 76 days post-
first vaccination (Image 4.1). 
 
Image 4.1 Flow diagram of experimental protocol for first challenge (day 1) and 
second challenge (day 42) for a subset of females. 
 
4.2.5 Measurements of maternal traits 
The mass and condition of all females were measured on all blood-sampling days. 
Pectoral muscle and fat were assessed using BTO guidelines on scoring size (Ringers’ 
Manual BTO, Thetford). Pectoral muscle was scored 0 if the sternum was sharp and 
muscle depressed, 1 if the sternum was still distinguishable but not sharp and 2 if the 
muscle was rounded over the sternum. Fat levels were scored 0 if no fat was visible in 
tracheal pit, 1 if there was a trace of fat and 2 if the tracheal pit was obscured by fat. 
Because all birds in this experiment were kept under standardized conditions, body 




though different measures of 
condition revealed qualitatively similar results (see, Galvan, 2010, for discussion). 
Eggs were generally laid in the early afternoon and collected on a daily basis 
throughout the experiment.  
 
4.2.6 Egg measurements and antibody extraction  
Egg length, width and mass were recorded at the time of collection, after which eggs 
were stored at -20°C. Antibody extraction and analysis and yolk mass calculation 
were performed on defrosted samples. For each egg, egg volume (V) was calculated 
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 Length (L) and breadth (B) are the maximal dimensions of specific eggs and Kv= 
0.51. 
  
A female’s total investment in eggs was calculated as the sum of V across all a 
female’s eggs over the course of the experiment: 
∑ V 
Antibodies were extracted from egg yolk following the methods of Mohammed et al. 
1986 . The homogenized yolk was diluted 2:1 in phosphate- buffered saline (PBS) 
and vortexed for 2 minutes. Chloroform was added to the egg yolk/ PBS mixture at a 
1:1 ratio, and vortexed for a further 2 minutes. The mixture was then centrifuged on 
9050 rcf/g for 10 minutes, resulting in separation of the mixture into three layers; a 
top layer containing PBS and supernatant (used for antibody analysis), a deposit of 
fatty lipids in the middle layer and an organic phase containing chloroform and 
carotenoids in the bottom layer. The top layer was removed and stored at minus 20 
until samples could be run. 
 
4.2.7 Antibody analysis: Enzyme-linked immunosorbent 
assay (ELISA) 
Specific enzyme-linked immunosorbent assays (ELISAs) were performed for 
treatment and control groups. For the SalenvacT treated individuals a Salmonella-
specific ELISA test was performed using FLOCKTYPE
®
 Salmonella ELISA kit 
(Labor Diagnostik Leipzig, Germany). For the Paramyxo P201 treated individuals, a 
Newcastle disease virus-specific ELISA test was performed using FLOCKTYPE
®
 
recNDV ELISA kit (Labor Diagnostik Leipzig, Germany). Both kits were 
manufactured for chicken serum and plasma but quail antibodies are also detected and 
a number of studies have used anti chicken antibody to detect antibodies in various 
quail species. Previous pilot work had established the appropriate dilutions to ensure 
antibodies lay within the bounds of the detectable range of the ELISA kits and 
dilution curves confirmed these lay within the linear part of the test.  
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Yolk extractions were diluted 1:62 and blood samples were diluted 1:124 with the 
buffer provided. The optical density (OD) of the resulting solution was read in a 
spectrophotometer at 450 nm immediately after stopping the reaction, and corrected 
for using positive and negative controls supplied in the kit. To estimate the 
repeatability of the method, one sample for each of the treatment groups was tested on 
all of plates for each ELISA kit. The estimated repeatability within plates (98.35%, 
F16,17= 0.898) and between plates (98.21%, F16,17= 0.770) per kit was high. Antibody 
titre was calculated using the mean values (MV) of the measured optical density (OD) 
for the negative control (NC) and positive control (PC). The ratio sample to mean PC 
was then calculated using the following equation. 
S/P ratio= ODsample-OD(MV)NC 
 OD(MV)PC-OD(MV)NC 
Control individuals had antibody titres of 0.0491± 0.04472SD (Salmonella ELISA 
plate) and 0.029 ± 0.0672SD (NDV ELISA plate). Any serum S/P ratio of less than 0.1 
was treated as a negative antibody response resulting in 9 birds (1 SalenvacT, 8 NDV) 
being excluded from the study. Seven birds (4 SalenvacT, 3 NDV) did not produce a 
full sequence of eggs or ate their eggs before they could be collected and were also 
excluded from the study. I was therefore able to collect a full sequence of blood and 
egg antibody levels over the course of a laying sequence for 12 control females, 14 
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4.2.8 Statistical analyses 
Statistical analyses were performed in R (version 2.10.1). I fitted mixed models using 
the lme4 package. I investigated the effects of a range of factors on the amount of 
antibody transferred to eggs using linear mixed effects models and linear models and 
calculated repeatability estimates from the intraclass correlation coefficient. Treating 
egg antibody level as a dependent variable, I investigated the effects of treatment, 
females’ circulating antibody level, yolk mass and number of days since challenge on 
the amount of antibody transferred to the embryonic environment. Female ID was 
included in all repeated measures models as a random effect. Blood samples were 
collected from females every 4 days. To examine how egg antibody levels varied 
with a female’s antibodies over the course of the antibody response I ran a smoothing 
spline on the female’s antibody response to get predicted values for days where 
blood samples were not collected. Lambda was set at 0.1 to maximise a close fit to 
the data. The effects of maternal body condition index, fat score, muscle score, yolk 
mass and total egg investment were also examined. Body condition index, yolk mass, 
total egg investment and female circulating antibody level were included as 
continuous variables and treatment (either SalenvacT or NDV), fat score, muscle 
score and day sampled were treated as categorical. A backward stepwise procedure 
was used such that non-significant terms were sequentially removed from the model. 
 
I also ran a series of models controlling for the effect of variation between mothers in 
their own antibody responses to challenge by calculating the ratio of circulating 
antibody transferred to the egg (egg antibody/ female antibody) and using this as my 
dependent variable. This is a measure of the proportion of antibodies a female 
transfers, regardless of her own response. This allowed us to investigate how this 
ratio related to other measures of a female’s antibody response such as peak titre and 
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4.3 Results 
Within the NDV and SalenvacT individuals mean female antibody levels were 
generally found to have a positive relationship with mean egg antibody levels (Figure 
4.1). However, there was considerable variation between females in their pattern of 
antibody (Ab) response over the laying period and in the amount of antibody they 
transferred to their offspring. Females showed a steady increase in antibody level in 
the days post challenge until peak antibody level was reached, followed by a slow 
decline in antibody level over time (Figure 4.2). Females varied both in the time they 
took to reach their peak of circulating antibody level (mean peak day 22.22 ± 
3.425SE, n=21) and in the magnitude of their response (mean peak size 1.127 
±0.163SE) (Figure 4.2). The number of days post challenge therefore had a large 
effect on the level of antibody present in the eggs laid at the corresponding time 
(F34,99 =2.29, p = 0.006, Table 4.1).  
 
Table 4.1 Maximal and minimal linear mixed effects model of egg antibody level 
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Figure 4.1 Positive relationship between females’ mean circulating and mean egg 
antibody level (Ab); F1,20= 122.257, P <.001. Horizontal error bars show 1 standard 
deviation above and below female mean antibody level and horizontal error bars 
show 1 standard deviation around mean egg antibody levels. 
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Figure 4.2 Individual female and egg antibody levels graphed over time for n=21 
females. Solid line and open points indicate female antibody level (triangles- NDV 
vaccinated, circles- SalenvacT vaccinated). Dotted line and solid points indicate egg 
antibody level (triangles – NDV vaccinated, circles- SalenvacT vaccinated). 
 
time (days) 
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After controlling for differences due to sampling time (Egg Ab~ Day sampled + 
treatment + Female (random)), I found significant variation in the absolute amounts 
of antibody transferred to eggs (log likelihood ratio between a model including 
female ID or not; X
2
1= 31.87, p=<.001) (treatment effect; t= 2.69, p= 0.016). To 
examine what proportion of a female’s own antibody response was transferred I 
controlled for differences in a female’s own circulating level of blood antibodies by 
adding female circulating level to the model (Egg Ab ~ Female Ab level +Day 
+Treatment). Again I found considerable variation in the relative amount of 
circulating antibody transferred to the egg (log likelihood ratio between a model 
including female ID or not (original model Table 4.1); X
2
1= 18.412, p= <0.001). 
Within females, on the other hand, the repeatability of the relative amount transferred 
over the course of the laying sequence was high (intraclass correlation coefficient; r= 
0.714 (Figure 4.3) and this ratio remained consistent when time of sampling was not 
included in the model; r= 0.727). Assuming a female’s blood volume equals 10% of 
her body weight (Fudge, 2000) my results suggest that females transfer on average 
25.5% of their circulating antibody level to each egg which is, in line with previous 
findings (Kowalczyk et al., 1985). However, the variation between females was high 
with the lowest responders transferring an estimated 9.21% (range 7-10%) and the 
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Using the actual calculated ratio of antibodies transferred I investigated the 
relationship between female immune responses, the proportion of antibodies 
transferred and other female traits (full model, Table 4.2). I found no relationship 
between the size of a female’s own immune response and the proportion of 
antibodies transferred to her offspring, i.e. high responders didn’t necessarily transfer 
the greatest percentage to their eggs. The ratio of antibodies transferred to eggs had 
no relationship with female’s peak antibody titre (F1,14=0.10, p= 0.751 ), peak day 
(F1,14= 1.17, p= 0.298), mean antibody titre (F1,14=0.02, p= 0.893) or pre-vaccination 
antibody level (F1,11=2.59, p= 0.147).  
 
Table 4.2 Maximal and Minimal linear mixed-effects model of the relative transfer 
of antibodies from mother to yolk, significant effects highlighted in bold. 
 
 
I found no relationship between maternal condition and maternal circulating antibody 
levels or any of my other measures of antibody response (all p > 0.4). However, in 
contrast, the relative amount transferred (ratio of maternal antibodies to egg 
antibodies) had a significant, negative relationship with mean body condition index 
at time of egg-laying; F1,20= 7.57, p= 0.021, where birds with high condition scores 
transferred a smaller ratio of antibodies than birds with lower condition scores 
(Figure 4.4). Female mean muscle and fat score for the experiment had no effect on 
the propensity to transfer antibodies to egg (muscle F2,10= 0.001, p= 0.998; fat F2,13= 
0.52, p= 0.482; Table 4.2).  
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Figure 4.4 Egg antibody level and female body condition. Relative transfer of 
female antibodies transferred to eggs in relation to female’s mean body condition; 
F1,20= 7.57, P= 0.021, n=21.  
 
I found no significant relationship between the amount of antibody transferred and 
total egg investment over the period of the experiment (F1,12=0.001, p= 0.974), 
suggesting that females who were transferring a greater ratio of their antibody level 
were not trading off costs associated with a higher transfer with resources allocated 
to reproduction in the same time frame. I also found no evidence for any trade-off 
between my other measures of a female’s antibody response such as peak antibody or 
time to reach peak antibody with their total reproductive effort or female condition 
scores (body condition index, fat and muscle scores); all p values > 0.1. 
 
A subset of females was challenged again at day 42 to look at the repeatability of 
transfer patterns across different challenge types: individuals that had been in the 
bacterial challenge group (Salenvac T group) were challenged with my viral NDV 
vaccine (n=4) and individuals from my viral challenge group (NDV group) were 
challenged with my bacterial vaccine (Salenvac T) (n=3). In these individuals I found 
a positive relationship between the relative level of antibodies transferred to eggs in 
response to the first challenge and the relative level transferred in response to the 
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second challenge, irrespective of which treatment was given first: F1,6= 7.287, p= 
0.042 (Figure 4.5). Again, using the log likelihood ratios (between models with and 
without female ID as a random effect), there was significantly more variation 
between individuals (X
2
1= 6.07, p= 0.01) than within individuals and the estimate of 
across challenge repeatability (r= 0.577) was again high.  
 
 
Figure 4.5 Positive correlation between mean ratio of antibodies transferred to eggs 
from females (n=7) challenged twice. Circles represent females vaccinated with 
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4.4 Discussion 
Here I show that individual females vary in the timing and strength of their antibody 
production following an antigen challenge. However, most individuals are highly 
consistent in the ratio of antibodies transferred to eggs over the course of their 
immune response. Although individuals are consistent in the amount they transfer, 
some females consistently transfer more than others. Furthermore, this ratio was 
consistent across the two different challenges I administered, bacterial and viral, 
despite these challenges triggering different arms of the immune response. The ratio 
of circulating antibody that was transferred to the egg was independent of the 
strength of the maternal antibody response, suggesting different mechanisms 
determine these two traits. The amount of antibody transferred was negatively related 
to the female’s body condition, but the female’s circulating antibody level prior to 
transfer was not. I found no evidence for any trade off between levels of allocation of 
immunity to the egg or the female’s circulating antibody level with overall levels of 
reproduction. 
 
The results from this study demonstrate that a female’s capacity to transfer 
antibodies to her eggs is not just related to her ability to produce an antibody 
response. This has important implications as it suggests that both a female’s 
propensity to produce a particular level of immune challenge and her ability to 
transfer it to offspring may be two separate traits upon which selection might act. In 
natural populations, the fitness benefits of how protection is allocated between a 
mother investing in her own immune response and that of her offspring is therefore 
likely to depend on a number of factors including the conditions a mother finds 
herself breeding in and the likely pathogen exposure faced. Ultimately, any variation 
in the level of transfer will therefore create a more variable environment for 
pathogens and impact on any ensuing arms race between host and parasite. 
 
A separation of the mechanisms responsible for the generation and transfer of an 
immune response is also potentially important commercially. Poultry lines have been 
established to select for genotypes that produce higher levels of antibody (Cheng and 
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Lamont, 1988, Parmentier et al., 2004). If the level of antibody transfer could further 
be selected upon this could potentially be advantageous. For example, the production 
of therapeutic and industrial antibodies in chicken eggs could be boosted, and the 
efficacy of maternal vaccination in agriculture enhanced.  
 
This study also suggested that there may be consistency in antibody transfer across 
two vaccine types, suggesting generality of the trait. Between individual variation 
estimates and within-individual repeatability estimates for traits can be extremely 
useful in estimating the potential heritability of traits and their potential to evolve 
(Lynch and Walsh, 1998). However, to my knowledge there is very little information 
on between- and within-individual variability in levels of antibody transfer (or indeed 
any other immune components) in birds. The importance of establishing these values 
has already been highlighted by those investigating the role of other important egg 
constituents in avian development, such as maternal yolk testosterone. Similarly high 
estimates of repeatability of several key hormones have been found across breeding 
attempts (Gil et al., 2006, Tschirren et al., 2009) and between years (Eising et al., 
2008) whereas other hormones appear to be regulated more by environmental 
variation (Tschirren et al., 2009). It is unclear whether females who transfer high 
levels of one maternal component such as antibodies may also transfer high levels of 
other key egg components in general. This would warrant further investigation to test 
if some females generally transfer more of all constituents or whether trade-offs 
occur (for example, more antibodies may be needed to balance hormonal immuno-
mediated effects).  
 
In this study the ratio of antibodies transferred to eggs had a significant negative 
relationship with body condition (an effect that was not found in Chapter 3). Other 
female condition-related traits such as fat and muscle scores were found to have no 
effect, though this may be due to the discrete scores having less discriminatory 
power than actual measures of female weight. The negative relationship between the 
antibody transfer and condition might appear counterintuitive, because it is often 
assumed that producing an antibody response is costly and that individuals in better 
condition can “afford” to invest more in transferring egg antibodies to their offspring 
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(Hargitai et al., 2006, Moreno et al., 2008, Pihlaja et al., 2006). However, a negative 
relationship between maternal condition and transfer has also been reported in a 
number of systems: Gasparini et al. 2007, for example, found a negative relationship 
between female’s nutritional status and transfer in seabirds; non food-supplemented 
females transferred more resources, including antibodies, to offspring compared to 
food supplemented females. In Chapter 3, I found no relationship between condition 
and maternal antibody transfer; however, there was a relationship between condition 
and maternal antibody response, clutch size, and viability, suggesting a trade-off 
between immunity and reproduction. Additionally, due to the experimental design, 
any condition effects may have been masked due to an effect of first male traits on 
female condition. In Daphnia it is now well established that females experiencing 
low food availability produce offspring better able to prevent parasite establishment 
than high condition groups (Stjernman and Little, 2011). Landete-Castillejos et al. 
2002 (Landete-Castillejos et al., 2002) found in Iberian red deer (Cervus elaphus 
hispanicus) that hinds from a low caloric-intake group had higher values of total 
antibodies in calves and produced less milk compared to calves of the control group, 
although this finding might arise due to poor quality females carrying a higher 
parasite burden. However, it has been hypothesised that this type of relationship 
could be a compensatory effect, with an individual of poor condition transferring 
more antibodies to offspring to compensate for their potentially higher susceptibility. 
In other studies the findings have been mixed; some studies in birds have found 
improving maternal condition can increase antibody transfer (Moreno et al., 2008), 
while others have found no effect of diet manipulation on immune transfer 
(Grindstaff et al., 2005) . This relationship and how it may link to ecological 
differences between species, therefore warrants further investigation. 
 
The non-passive transfer of antibodies to eggs could be explained by the condition-
based mechanism, described above, or may simply result from differences between 
females that correlate with both their propensity to transfer antibodies and their mass 
to size ratio. For example, differences in condition may simply reflect differences in 
an individual’s early conditions and their ability to compete and gain food which 
could in turn affect either the development of their receptor based system or their 
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ability to utilize this mechanism to maximize transfer. I examined whether the effect 
may arise from low condition females producing smaller eggs but transferring similar 
amounts of antibody with the result that yolk concentrations of antibodies could be 
higher. However, this did not appear to explain this result in this case; when yolk size 
was taken into account in my models, I found no interaction between maternal 
condition and yolk volume on the amount of antibody transferred. On other hand, 
female cumulative antibody level alone does not change with body condition scores, 
suggesting that the ability to produce an antibody response is not confined to the 
same factors, which determine propensity to transfer antibodies to eggs. I found no 
trade off between levels of allocation and levels of overall reproductive investment.  
 
The mechanism underlying differences in the ability of females to transfer specific 
antibodies remain unclear. Transfer of maternal immunity in birds is a two-stage 
process. First, low levels of antibodies are transferred to the yolk as it develops and 
at oogenesis, then there is a sudden influx of antibodies and other yolk components 
in the last few days prior to egg formation in the reproductive tract (Kowalczyk et al., 
1985). The transfer to the embryo from the yolk then mostly occurs in the few days 
prior to hatching by receptor-mediated transfer across the yolk membrane into the 
embryo’s blood (Kowalczyk et al., 1985). The first part of this mechanism (from 
mother to yolk) is believed to be receptor mediated and individuals may differ in the 
number and effectiveness of this transfer process. However, the transfer of antibodies 
also appear to be directly correlated to the increase in size of yolk as an egg is 
formed (Kowalczyk et al., 1985), so investment may be tied to allocation of other 
constituents laid down in the last few days of egg formation. Eggs are produced on a 
24-hour cycle so as one egg is laid, the yolk for the next day’s egg has just been 
formed and packaged and is awaiting fertilization in the reproductive tract and the 
egg for the day after is still sequestering yolk constituents in the ovary. This 
sequential pattern of egg production over a series of days explains why eggs vary in 
their antibody level over the course of an immune response. 
 
I have demonstrated that the propensity to transfer is consistent within individuals 
but varies between individuals. Could there also be adaptive allocation over and 
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above these effects? There is certainly evidence consistent with this hypothesis, with 
levels of antibodies varying with laying sequence (O'Brien and Dawson, 2009), 
brood value (Pihlaja et al., 2006) and sex of offspring (Martyka et al., 2011). 
However, my study does also highlight one variable that can affect the levels of 
transfer that often isn’t accounted for in differential allocation studies. The single 
most important factor affecting how much antibody was found in the eggs was at 
what point in the immune response a female was at when a particular egg was laid. 
For example, if a clutch of eggs was collected from a female in the initial phase of 
her immune response – perhaps up to 10 days post-challenge – she would likely 
show a trend of laying eggs with higher levels of antibodies towards the end of the 
clutch, as antibody levels would be increasing on a daily basis and oocytes for 
successive eggs develop in 24 hour cycles and are laid approximately 24 hours apart. 
However, if I had collected a clutch of eggs slightly later, I might find females lay 
eggs with fewer antibodies in the end of the clutch as these are being formed at the 
time point just after the peak of her immune response, so subsequent eggs would 
sequester declining levels of antibodies from the female’s circulating blood. Females 
show considerable variation in the magnitude and timing of peak responses, thus 
making it difficult to predict what an average response a challenge (or to natural 
levels of infection) might be. In natural systems, infection history may not be known 
and I have demonstrated that females can be very variable in both the magnitude and 
timing of their immune responses, even following a controlled experimental 
challenge; measuring maternal antibody levels while she is producing a clutch in 
these types of study would therefore be very informative. Furthermore, the discovery 
that the distribution of the sexes (Badyaev et al., 2002) and extra- pair paternity 
(EPP) offspring (Magrath et al., 2009) are often non-randomly distributed within a 
clutch demonstrates the need to ensure these correlated antibody levels with the point 
in a female’s response are considered too. This does not necessarily mean that these 
patterns are not adaptive – directing particular offspring to a particular part of a 
clutch that may receive more or less antibodies may in itself be an adaptive strategy 
and a mechanism by which allocation could be adjusted. However, distinguishing 
between these alternatives is crucial in terms of our understanding of the mechanisms 
underlying these effects and their implications for offspring fitness as they develop.  







5.1 Maternal effects 
Maternally transferred substances are known to play a major role in offspring 
development and success. While past research has viewed them as a passive 
reflection of the maternal state more recent literature has viewed them as potentially 
flexible and adaptive mechanisms that females could employ to adjust the early 
environment of her offspring in ways that may increase Darwinian fitness (Mousseau 
and Fox, 1998a). While these studies explore patterns of allocation and their 
potential functionality, the mechanisms operating in the mother to transfer these 
substances remains unclear. Furthermore, the basic premise underlying many of 
these reported effects – that increases in allocation has an impact on current breeding 
success, future breeding success and/or maternal condition has seldom been 
addressed: As I have alluded to throughout the thesis, these mechanisms are highly 
important to a wide range of disciplines; here I discuss how this study has extended 
our knowledge and identified further questions in this field. 
 
5.2 Differential allocation 
In Chapter 2 of this thesis, I explore differential allocation between clutches in 
response to mate switching, and how females may vary in their allocation capability 
under these conditions in a laboratory population of Chinese painted quail. The study 
highlighted original findings which make a contribution to my understanding of life 
history trade-offs and differential allocation theory. Clutch size was shown to vary in 
relation to the badge size of the male with whom a female was first paired for a given 
clutch. Furthermore, the probability of an egg being viable was strongly linked to 
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paternal badge size, suggesting some inherent benefit of mating with a large badge 
male. Due to using a cross-over design and allowing females to lay four clutches, this 
finding provides clear evidence for differential allocation in relation to clutch size 
and a relationship between the male trait on which this allocation is based on embryo 
viability. Thus, female Chinese painted quail possess an intrinsic ability to adjust 
their clutch size with regard to partner traits. The experimental design implemented 
also highlighted an important finding that early reproductive allocation patterns can 
persist to influence offspring in future breeding attempts later in a female’s life. 
Notably, it was determined that egg mass was significantly related to the male with 
whom a female was initially paired with at the beginning of the experiment, 
illustrating that a female’s previous experience can carry-over into future 
reproduction. Untangling this carry-over effect on offspring viability from other 
factors related to offspring traits would not have been possible to see if I had only 
explored one or two clutches per female. This carry over effect also had a detectable 
effect on embryonic development with embryos being significantly heavier at day 3 
(approximately 1/5th of the way through their total development time) if females had 
initially been paired to large badged males for their first breeding attempt. To my 
knowledge this is the first study to demonstrate that maternal allocation decisions 
may affect embryo growth. 
 
This experiment has demonstrated several key assumptions of differential allocation 
theory (Rutstein et al., 2004) i.e. that females alter investment strategies based on 
male signals, that allocation is varied by the same female across breeding attempts 
with different males, that allocation decisions impact positively on offspring traits. 
However, one aspect I couldn’t test directly was the potential impact of these 
allocation decisions on female fitness – the nature of my experiment meant that 
because a balanced design was used to look at the effects of different males on 
allocation – all females had equal opportunities to breed with large and small badged 
males across their reproductive lifespan during the experiment. An interesting future 
experiments would be to alter allocation from the second clutch onwards in a 
consistent direction to look at the consequences of increasing investment for 
preferred males on female fitness – monitoring egg number and female survival 
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would allow both the cost of the increased egg production on survival and the 
potential gain in offspring produced to be calculated and the net benefit of 
differential allocation on female fitness to be measured. It would also be interesting 
to repeat this experiment and extend it until all females died naturally to measure the 
impact of initial allocation decisions and their carry-over effect on offspring quantity 
and quality and female survival. I would also have liked to be able to examine what 
components of the egg are altered when egg size is changed in response to male 
traits. Do all egg components increase proportionately or are yolk verses albumen 
constituents altered more – both yolk and albumen are known to be important for 
embryonic growth (Bonisoli-Alquati et al., 2007) so either may be accounting for the 
observed effects on embryo growth rate in this study.  
 
5.3 Maternal allocation of antibodies 
In Chapter 3 of this thesis I investigate factors affecting the transfer of maternal 
antibodies to eggs. Several important findings were found. First, I show the major 
influx of antibody disposition starts approximately 5 days prior to the egg being 
fertilised and 6 days before it is laid however, it is only 1 and 2 days before 
fertilisation of an egg that the ova shows a significant correlation with female 
antibody levels. This suggests egg components are not all laid down in proportion to 
each other at this developmental stage.  
 
Male traits did not appear to affect antibody concentrations in the egg. However, 
females did produce more eggs when paired to large badged males so they may have 
had to up-regulate antibody production to supply eggs with antibodies for longer. 
However, I also demonstrate a potential cost associated with antibody responses in 
that females with a higher antibody response produced fewer viable embryos. No 
variation in the level of maternal antibodies was found for eggs of male and female 
offspring at the embryo stage at pre- or post- incubation stages. Moreover, there was 
no difference in the relative level found between sexes (when accounting for female 
levels). Other studies exploring maternally transferred antibodies and embryo sex 
have only explored antibody levels post incubation (Martyka et al., 2011, Saino et 
al., 2003).  
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Changes in provisioning of egg mass appeared at first to have no effect on the levels 
of antibody transferred to the egg. However, calculations of total antibody level were 
based on yolk size; yolk size could only be measured at 72hrs incubation and 
therefore it is unclear how much yolk and albumen had been used in embryo growth. 
In Chapter 2 females initially paired to large badge males produce eggs that have 
larger embryos at 72hrs compared to females initial paired with small badge. This 
would suggest that there has already been differential use of egg components at this 
stage. If I calculate total antibody level based on egg mass then the effect in initial 
male is significant. We therefore cannot discount that a carry-over effect is impacting 
on total antibody levels. An obvious extension of this work would be to test this 
directly by exploring the effect the initial male pairing has not only on external egg 
traits but the level of different egg components such as yolk and albumen ( and the 
composition of these) at pre-incubation stages.  
 
The novel technique implemented here was highly important for determining 
potential sex difference between eggs in antibody titres pre and post incubation. 
However this may have caused a decrease in the number of viable eggs. This is a 
constraint of the results in Chapter 3, as having a larger sample size would have 
allowed us to test this more robustly and to be more confident in the non-significant 
effects found. The technique implemented in this chapter is important for exploring 
allocation of maternal antibodies to yolks pre incubation, and could be highly useful 
for exploring other maternally transferred yolk components. Despite this problem the 
technique is effective, and therefore these findings, along with the method 
implemented, are highly useful in increasing our knowledge of maternal effects.  
 
5.4 Repeatability of maternal antibody transfer 
In Chapter 4 of this thesis, I describe the findings of a laboratory study exploring 
allocation in continually laying females to allow antibody levels in both mother and 
egg to be tracked over time following a series of different types of immune 
challenge. The results show that there is substantial variation between females in the 
proportion of their own antibodies they transfer to their offspring. Furthermore, while 
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this transfer varies between females it does not covary with the height of the mothers 
own immune response. The only female trait that appears to influence transfer was 
female condition index, where females of a lower condition index transferred 
relatively more antibodies compared to females of a higher condition index. Finally, 
and most importantly, the repeatability for an individual female in her transfer of 
antibodies was not only robust across her immune response to one challenge, but 
robust across challenge types. This suggests that maternal antibody transfer may be 
determined by a mechanism which is not specific to one type of antibody.  
 Domestic animal industries often produce high numbers of animals in relatively 
small areas therefore there is a large interest into control of disease. Maternal 
antibodies can be highly beneficial in the farming of poultry and cattle but can also 
be detrimental to vaccination protocols. In the poultry industry in particular female 
hens are often vaccinated for particular pathogens prior to laying eggs to increase the 
likelihood of that antibody protection being transferred to chicks. However both in 
poultry and cattle vaccination protocol for newborns often has to be timed 
particularly carefully to make sure the vaccine is effective and not being “blocked” 
by maternal antibodies present (for example with Marek’s disease). Therefore 
furthering our understanding of maternal antibodies in the quantity and timing of 
transfer is useful to a wide range of disciplines. Within the poultry industry there is a 
key interest in selecting animals with high immune responses (Cheng and Lamont, 
1988, Parmentier et al., 2004). However to my knowledge it is unclear if these 
individuals are also high transfers of antibodies or if this increase ability to produce 
an immune response has a negative impact on their offspring’s viability. Therefore 
the findings in this thesis regarding the transfer of maternal antibodies and their 
potential effect offspring is potential important to industry. Whatever the aim, 
knowledge of these mechanisms would allow more informed decisions to be made to 
increase the production, health and welfare in animal production.   
 
5.5 Concluding remarks  
Individuals are not homogenous in their provisioning of offspring, even when they 
are kept under the same conditions. There have been large steps forward into 
understanding the transfer of maternal antibodies, and equally large advances in the 
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literature regarding differential allocation theory. However in both topics there are 
key areas which are still understudied. This study addresses some of the gaps in the 
























Factors affecting maternal provisioning to the prenatal environment 
 115 
Literature Cited 
ADRIAENSSENS, B. & JOHNSSON, J. I. (2013) Natural selection, plasticity and 
the emergence of a behavioural syndrome in the wild. Ecology Letters, 16, 
47-55. 
ANDERSSON, M. B. (1994) Sexual selection, Princeton, N.J. ; Chichester, 
Princeton University Press. 
ARCT, A., RUTKOWSKA, J., MARTYKA, R., DROBNIAK, S. M. & CICHON, 
M. (2010) Kin recognition and adjustment of reproductive effort in zebra 
finches. Biology Letters, 6, 762-764. 
ARDIA, D. R. (2005) Tree swallows trade off immune function and reproductive 
effort differently across their range. Ecology, 86, 2040-2046. 
ARDIA, D. R., PARMENTIER, H. K. & VOGEL, L. A. (2011) The role of 
constraints and limitation in driving individual variation in immune response. 
Functional Ecology, 25, 61-73. 
BADYAEV, A. V., HILL, G. E., BECK, M. L., DERVAN, A. A., DUCKWORTH, 
R. A., MCGRAW, K. J., NOLAN, P. M. & WHITTINGHAM, L. A. (2002) 
Sex-biased hatching order and adaptive population divergence in a passerine 
bird. Science, 295, 316-318. 
BALZER, A., L. & WILLIAMS, T. D. (1998) Do Female Zebra Finches Vary 
Primary Reproductive Effort in Relation to Mate Attractiveness? Behaviour, 
135, 297-309. 
BLOUNT, J. D., SURAI, P. F., NAGER, R. G., HOUSTON, D. C., MOLLER, A. P., 
TREWBY, M. L. & KENNEDY, M. W. (2002) Carotenoids and egg quality 
in the lesser black-backed gull Larus fuscus: a supplemental feeding study of 
maternal effects. Proceedings of the Royal Society of London Series B-
Biological Sciences, 269, 29-36. 
BLUHM, C. K. & GOWATY, P. A. (2004a) Reproductive compensation for 
offspring viability deficits by female mallards, Anas platyrhynchos. Animal 
Behaviour, 68, 985-992. 
BLUHM, C. K. & GOWATY, P. A. (2004b) Social constraints on female mate 
preferences in mallards, Anas platyrhynchos, decrease offspring viability and 
mother productivity. Animal Behaviour, 68, 977-983. 
BOLTON, M. (1991) Determinants of Chick Survival in the Lesser Black-Backed 
Gull - Relative Contributions of Egg Size and Parental Quality. Journal of 
Animal Ecology, 60, 949-960. 
BOLUND, E., SCHIELZETH, H. & FORSTMEIER, W. (2009) Compensatory 
investment in zebra finches: females lay larger eggs when paired to sexually 
unattractive males. Proceedings of the Royal Society B-Biological Sciences, 
276, 707-715. 
Factors affecting maternal provisioning to the prenatal environment 
 116 
BONISOLI-ALQUATI, A., RUBOLINI, D., ROMANO, M., BONCORAGLIO, G., 
FASOLA, M. & SAINO, N. (2007) Effects of egg albumen removal on 
yellow-legged gull chick phenotype. Functional Ecology, 21, 310-316. 
BOOGERT, N. J., ZIMMER, C. & SPENCER, K. A. (2013) Pre- and post-natal 
stress have opposing effects on social information use. Biology Letters, 9, 
20121088. 
BORYSENKO, M. & BORYSENKO, J. (1982) Stress, Behavior, and Immunity - 
Animal-Models and Mediating Mechanisms. General Hospital Psychiatry, 4, 
59-67. 
BOTH, C., DINGEMANSE, N. J., DRENT, P. J. & TINBERGEN, J. M. (2005) 
Pairs of extreme avian personalities have highest reproductive success. 
Journal of Animal Ecology, 74, 667-674. 
BOULINIER, T. & STASZEWSKI, V. (2008) Maternal transfer of antibodies: 
raising immuno-ecology issues. Trends in Ecology & Evolution, 23, 282-288. 
BRAASTAD, B. O. (1998) Effects of prenatal stress on behaviour of offspring of 
laboratory and farmed mammals. Applied Animal Behaviour Science, 61, 
159-180. 
BRAMBELL, F. W. R. (1970) The transmission of passive immunity from mother to 
young, Amsterdam,New York,, North-Holland Pub. Co., 1970. 
BROMMER, J. E., PIETIAINEN, H. & KOLUNEN, H. (1998) The effect of age at 
first breeding on Ural owl lifetime reproductive success and fitness under 
cyclic food conditions. Journal of Animal Ecology, 67, 359-369. 
BURLEY, N. (1986) Sexual Selection for Aesthetic Traits in Species with Biparental 
Care. American Naturalist, 127, 415-445. 
BURLEY, N. (1988) The Differential-Allocation Hypothesis - an Experimental Test. 
American Naturalist, 132, 611-628. 
BURLEY, N. & COOPERSMITH, C. B. (1987) Bill Color Preferences of Zebra 
Finches. Ethology, 76, 133-151. 
CHAPMAN, H. D. (1984) Drug-Resistance in Avian Coccidia (a Review). 
Veterinary Parasitology, 15, 11-27. 
CHAPMAN, T., LIDDLE, L. F., KALB, J. M., WOLFNER, M. F. & PARTRIDGE, 
L. (1995) Cost of mating in Drosophila melanogaster females is mediated by 
male accessory gland products. Nature, 373, 241-244. 
CHASTEL, O., WEIMERSKIRCH, H. & JOUVENTIN, P. (1995) Body Condition 
and Seabird Reproductive Performance: A Study of Three Petrel Species. 
Ecology, 76, 2240-2246. 
CHENG, S. & LAMONT, S. J. (1988) Genetic-Analysis of Immunocompetence 
Measures in a White Leghorn Chicken Line. Poultry Science, 67, 989-995. 
CHRISTIANS, J. K. (2002) Avian egg size: variation within species and inflexibility 
within individuals. Biol Rev Camb Philos Soc, 77, 1-26. 
Factors affecting maternal provisioning to the prenatal environment 
 117 
COLLINS, S. A. (1995) The Effect of Recent Experience on Female Choice in Zebra 
Finches. Animal Behaviour, 49, 479-486. 
COX, F. E. G. (2001) Concomitant infections, parasites and immune responses. 
Parasitology, 122, S23-S38. 
CRUSE, J. M. & LEWIS, R. E. (2004) Atlas of immunology, Boca Raton, Fla. ; 
London, CRC. 
CUNNINGHAM, E. J. A. & RUSSELL, A. F. (2000) Egg investment is influenced 
by male attractiveness in the mallard. Nature, 404, 74-77. 
DELHEY, K., PETERS, A., JOHNSEN, A. & KEMPENAERS, B. (2007) 
Fertilization success and UV ornamentation in blue tits Cyanistes caeruleus: 
correlational and experimental evidence. Behavioral Ecology, 18, 399-409. 
DINGEMANSE, N. J., BOTH, C., DRENT, P. J. & TINBERGEN, J. M. (2004) 
Fitness consequences of avian personalities in a fluctuating environment. 
Proceedings of the Royal Society B-Biological Sciences, 271, 847-852. 
DINGEMANSE, N. J., BOTH, C., DRENT, P. J., VAN OERS, K. & VAN 
NOORDWIJK, A. J. (2002) Repeatability and heritability of exploratory 
behaviour in great tits from the wild. Animal Behaviour, 64, 929-938. 
EISING, C. M., PAVLOVA, D., GROOTHUIS, T. G. G., EENS, M. & PINXTEN, 
R. (2008) Maternal yolk androgens in European starlings: affected by social 
environment or individual traits of the mother? Behaviour, 145, 51-72. 
ELDAKAR, O., DLUGOS, M., WILCOX, R. S. & WILSON, D. (2009) Aggressive 
mating as a tragedy of the commons in the water strider Aquarius remigis. 
Behavioral Ecology and Sociobiology, 64, 25-33. 
FRIED, M., NOSTEN, F., BROCKMAN, A., BRABIN, B. J. & DUFFY, P. E. 
(1998) Maternal antibodies block malaria. Nature, 395, 851-2. 
FROY, H., PHILLIPS, R. A., WOOD, A. G., NUSSEY, D. H. & LEWIS, S. (2013) 
Age-related variation in reproductive traits in the wandering albatross: 
evidence for terminal improvement following senescence. Ecology Letters, 
16, 642-649. 
FUDGE, A. M. (2000) Laboratory medicine : avian and exotic pets, Philadelphia ; 
London, Saunders. 
GALVAN, I. (2010) Plumage coloration can be perceived as a multiple condition-
dependent signal by Great Tits Parus major. Ibis, 152, 359-367. 
GASPARINI, J., BOULINIER, T., GILL, V. A., GIL, D., HATCH, S. A. & 
ROULIN, A. (2007) Food availability affects the maternal transfer of 
androgens and antibodies into eggs of a colonial seabird. Journal of 
Evolutionary Biology, 20, 874-880. 
GASPARINI, J., MCCOY, K. D., TVERAA, T. & BOULINIER, T. (2002) Related 
concentrations of specific immunoglobulins against the Lyme disease agent 
Borrelia burgdorferi sensu lato in eggs, young and adults of the kittiwake 
(Rissa tridactyla). Ecology Letters, 5, 519-524. 
Factors affecting maternal provisioning to the prenatal environment 
 118 
GIL, D., GRAVES, J., HAZON, N. & WELLS, A. (1999) Male attractiveness and 
differential testosterone investment in zebra finch eggs. Science, 286, 126-
128. 
GIL, D., MARZAL, A., DE LOPE, F., PUERTA, M. & MOLLER, A. P. (2006) 
Female house martins (Delichon urbica) reduce egg androgen deposition in 
response to a challenge of their immune system. Behavioral Ecology and 
Sociobiology, 60, 96-100. 
GILBERT, L., WILLIAMSON, K. A., HAZON, N. & GRAVES, J. A. (2006) 
Maternal effects due to male attractiveness affect offspring development in 
the zebra finch. Proceedings of the Royal Society B-Biological Sciences, 273, 
1765-1771. 
GIRAUDEAU, M., DUVAL, C., CZIRJAK, G. A., BRETAGNOLLE, V., ERAUD, 
C., MCGRAW, K. J. & HEEB, P. (2011) Maternal investment of female 
mallards is influenced by male carotenoid-based coloration. Proceedings of 
the Royal Society B-Biological Sciences, 278, 781-788. 
GLEZEN, W. P. (2003) Effect of maternal antibodies on the infant immune 
response. Vaccine, 21, 3389-3392. 
GODDARD, R. D., WYETH, P. J. & VARNEY, W. C. (1994) Vaccination of 
Commercial Layer Chicks against Infectious Bursal Disease with Maternally 
Derived Antibodies. Veterinary Record, 135, 273-274. 
GORMAN, H. E. & NAGER, R. G. (2004) Prenatal developmental conditions have 
longâ€“term effects on offspring fecundity. Proceedings of the Royal Society 
of London. Series B: Biological Sciences, 271, 1923-1928. 
GOWATY, P. A., ANDERSON, W. W., BLUHM, C. K., DRICKAMER, L. C., 
KIM, Y. K. & MOORE, A. J. (2007) The hypothesis of reproductive 
compensation and its assumptions about mate preferences and offspring 
viability. Proceedings of the National Academy of Sciences of the United 
States of America, 104, 15023-15027. 
GRINDSTAFF, J. L. (2008) Maternal antibodies reduce costs of an immune 
response during development. Journal of Experimental Biology, 211, 654-
660. 
GRINDSTAFF, J. L. (2010) Initial levels of maternally derived antibodies predict 
persistence time in offspring circulation. Journal of Ornithology, 151, 423-
428. 
GRINDSTAFF, J. L., BRODIE, E. D. & KETTERSON, E. D. (2003) Immune 
function across generations: integrating mechanism and evolutionary process 
in maternal antibody transmission. Proceedings of the Royal Society of 
London Series B-Biological Sciences, 270, 2309-2319. 
GRINDSTAFF, J. L., DEMAS, G. E. & KETTERSON, E. D. (2005) Diet quality 
affects egg size and number but does not reduce maternal antibody 
transmission in Japanese quail Coturnix japonica. Journal of Animal Ecology, 
74, 1051-1058. 
Factors affecting maternal provisioning to the prenatal environment 
 119 
GROOTHUIS, T. G. G., MULLER, W., VON ENGELHARDT, N., CARERE, C. & 
EISING, C. (2005) Maternal hormones as a tool to adjust offspring phenotype 
in avian species. Neuroscience and Biobehavioral Reviews, 29, 329-352. 
GROOTHUIS, T. G. G. & SCHWABL, H. (2008) Hormone-mediated maternal 
effects in birds: mechanisms matter but what do we know of them? 
Philosophical Transactions of the Royal Society B-Biological Sciences, 363, 
1647-1661. 
GUSTAFSSON, L., NORDLING, D., ANDERSSON, M. S., SHELDON, B. C. & 
QVARNSTROM, A. (1994) Infectious Diseases, Reproductive Effort and the 
Cost of Reproduction in Birds. Philosophical Transactions: Biological 
Sciences, 346, 323-331. 
HAIG, D. (2000) The Kinship Theory of Genomic Imprinting. Annual Review of 
Ecology and Systematics, 31, 9-32. 
HANSSEN, S. A., HASSELQUIST, D., FOLSTAD, I. & ERIKSTAD, K. E. (2004) 
Costs of immunity: immune responsiveness reduces survival in a vertebrate. 
Proceedings of the Royal Society B-Biological Sciences, 271, 925-930. 
HANSSEN, S. A., HASSELQUIST, D., FOLSTAD, I. & ERIKSTAD, K. E. (2005) 
Cost of reproduction in a long-lived bird: incubation effort reduces immune 
function and future reproduction. Proceedings of the Royal Society B-
Biological Sciences, 272, 1039-1046. 
HARGITAI, R., PRECHL, J. & TOROK, J. (2006) Maternal immunoglobulin 
concentration in Collared Flycatcher (Ficedula albicollis) eggs in relation to 
parental quality and laying order. Functional Ecology, 20, 829-838. 
HARRISON, X. A., BLOUNT, J. D., INGER, R., NORRIS, D. R. & BEARHOP, S. 
(2011) Carry-over effects as drivers of fitness differences in animals. Journal 
of Animal Ecology, 80, 4-18. 
HASSELQUIST, D. & NILSSON, J. A. (2009) Maternal transfer of antibodies in 
vertebrates: trans-generational effects on offspring immunity. Philosophical 
Transactions of the Royal Society B-Biological Sciences, 364, 51-60. 
HAWLEY, D. M., JENNELLE, C. S., SYDENSTRICKER, K. V. & DHONDT, A. 
A. (2007) Pathogen resistance and immunocompetence covary with social 
status in house finches (Carpodacus mexicanus). Functional Ecology, 21, 
520-527. 
HEANEY, V. & MONAGHAN, P. (1996) Optimal allocation of effort between 
reproductive phases: The trade-off between incubation costs and subsequent 
brood rearing capacity. Proceedings of the Royal Society B-Biological 
Sciences, 263, 1719-1724. 
HELLER, E. D., LEITNER, G., DRABKIN, N. & MELAMED, D. (1990) Passive-
Immunization of chicks against Escherichia-coli. Avian Pathology, 19, 345-
354. 
Factors affecting maternal provisioning to the prenatal environment 
 120 
HERBORN, K. A., MACLEOD, R., MILES, W. T. S., SCHOFIELD, A. N. B., 
ALEXANDER, L. & ARNOLD, K. E. (2010) Personality in captivity reflects 
personality in the wild. Animal Behaviour, 79, 835-843. 
HOLVECK, M. J. & RIEBEL, K. (2010) Low-quality females prefer low-quality 
males when choosing a mate. Proceedings of the Royal Society B-Biological 
Sciences, 277, 153-160. 
HORVATHOVA, T., NAKAGAWA, S. & ULLER, T. (2011) Strategic female 
reproductive investment in response to male attractiveness in birds. Proc Biol 
Sci, 279, 163-70. 
HOYO, J. D., ELLIOTT, A., SARGATAL, J. & CABOT, J. (1992) Handbook of the 
birds of the world, Barcelona, Lynx Edicions. 
HOYT, D. F. (1979) Practical Methods of Estimating Volume and Fresh Weight of 
Bird Eggs. Auk, 96, 73-77. 
ILMONEN, P., TAARNA, T. & HASSELQUIST, D. (2000) Experimentally 
activated immune defence in female pied flycatchers results in reduced 
breeding success. Proceedings of the Royal Society B-Biological Sciences, 
267, 665-670. 
JOHNSEN, A., DELHEY, K., SCHLICHT, E., PETERS, A. & KEMPENAERS, B. 
(2005) Male sexual attractiveness and parental effort in blue tits: a test of the 
differential allocation hypothesis. Animal Behaviour, 70, 877-888. 
KINGMA, S. A., KOMDEUR, J., VEDDER, O., VON ENGELHARDT, N., 
KORSTEN, P. & GROOTHUIS, T. G. G. (2009) Manipulation of male 
attractiveness induces rapid changes in avian maternal yolk androgen 
deposition. Behavioral Ecology, 20, 172-179. 
KIRKPATRICK, M. & LANDE, R. (1989) The Evolution of Maternal Characters. 
Evolution, 43, 485-503. 
KLASING, K. C. (1998) Nutritional modulation of resistance to infectious diseases. 
Poultry Science, 77, 1119-1125. 
KOOLHAAS, J. M., KORTE, S. M., DE BOER, S. F., VAN DER VEGT, B. J., 
VAN REENEN, C. G., HOPSTER, H., DE JONG, I. C., RUIS, M. A. W. & 
BLOKHUIS, H. J. (1999) Coping styles in animals: current status in behavior 
and stress-physiology. Neuroscience & Biobehavioral Reviews, 23, 925-935. 
KOWALCZYK, K., DAISS, J., HALPERN, J. & ROTH, T. F. (1985) Quantitation 
of Maternal-Fetal Igg Transport in the Chicken. Immunology, 54, 755-762. 
KRAMS, I., VRUBLEVSKA, J., CIRULE, D., KIVLENIECE, I., KRAMA, T., 
RANTALA, M. J., KAASIK, A., HÕRAK, P. & SEPP, T. (2013) Stress, 
Behaviour and Immunity in Wild-Caught Wintering Great Tits (Parus major). 
Ethology, 119, 397-406. 
LANDETE-CASTILLEJOS, T., GARCIA, A., GOMEZ, J. A., LABORDA, J. & 
GALLEGO, L. (2002) Effects of nutritional stress during lactation on 
immunity costs and indices of future reproduction in Iberian red deer (Cervus 
elaphus hispanicus). Biology of Reproduction, 67, 1613-1620. 
Factors affecting maternal provisioning to the prenatal environment 
 121 
LOCHMILLER, R. L. & DEERENBERG, C. (2000) Trade-offs in evolutionary 
immunology: just what is the cost of immunity? Oikos, 88, 87-98. 
LOVE, O. P., CHIN, E. A., WYNNEA-EDWARDS, K. E. & WILLIAMS, T. D. 
(2005) Stress Hormones: A Link between Maternal Condition and Sex-
Biased Reproductive Investment. The American Naturalist, 166, 751-766. 
LYNCH, M. & WALSH, B. (Eds.) (1998) Genetics and analysis of quantitative 
traits, Sunderland, MA : Sinauer. 
MAGRATH, M. J. L., VEDDER, O., VAN DER VELDE, M. & KOMDEUR, J. 
(2009) Maternal Effects Contribute to the Superior Performance of Extra-Pair 
Offspring. Current Biology, 19, 792-797. 
MARTIN, L. B., WEIL, Z. M., KUHLMAN, J. R. & NELSON, R. J. (2006) Trade-
offs within the immune systems of female White-footed Mice, Peromyscus 
leucopus. Functional Ecology, 20, 630-636. 
MARTYKA, R., RUTKOWSKA, J. & CICHON, M. (2011) Sex-specific effects of 
maternal immunization on yolk antibody transfer and offspring performance 
in zebra finches. Biology Letters, 7, 50-53. 
MCGRAW, K. J., ADKINS-REGAN, E. & PARKER, R. S. (2005) Maternally 
derived carotenoid pigments affect offspring survival, sex ratio, and sexual 
attractiveness in a colorful songbird. Naturwissenschaften, 92, 375-380. 
MINDERMAN, J., REID, J. M., HUGHES, M., DENNY, M. J. H., HOGG, S., 
EVANS, P. G. H. & WHITTINGHAM, M. J. (2010) Novel environment 
exploration and home range size in starlings Sturnus vulgaris. Behavioral 
Ecology, 21, 1321-1329. 
MOHAMMED, H. O., YAMAMOTO, R., CARPENTER, T. E. & ORTMAYER, H. 
B. (1986) Comparison of Egg-Yolk and Serum for the Detection of 
Mycoplasma Gallisepticum and Mycoplasma-Synoviae Antibodies by 
Enzyme-Linked-Immunosorbent-Assay. Avian Diseases, 30, 398-408. 
MORALES, J., OSORNO, J. L., MORENO, J., MERINO, S., TOMAS, G. & 
VASQUEZ, R. A. (2006) Evidence for differential maternal allocation to 
eggs in relation to manipulated male attractiveness in the pied flycatcher 
(Ficedula hypoleuca). Journal of Ornithology, 147, 605-611. 
MORENO, J., LOBATO, E., MORALES, J., MERINO, S., MARTINEZ-DE LA 
PUENTE, J. & TOMAS, G. (2008) Pre-laying nutrition mediates maternal 
effects on offspring immune capacity and growth in the pied flycatcher. 
Oecologia, 156, 727-35. 
MOUSSEAU, T. A. & FOX, C. W. (1998a) The adaptive significance of maternal 
effects. Trends in Ecology & Evolution, 13, 403-407. 
MOUSSEAU, T. A. & FOX, C. W. (1998b) Maternal effects as adaptations, New 
York, Oxford University Press. 
MULLER, M. S., ROELOFS, Y., ERIKSTAD, K. E. & GROOTHUIS, T. G. (2012) 
Maternal androgens increase sibling aggression, dominance, and competitive 
Factors affecting maternal provisioning to the prenatal environment 
 122 
ability in the siblicidal black-legged kittiwake (Rissa tridactyla). Plos One, 7, 
e47763. 
MULLER, W., GROOTHUIS, T. G. G., DIJKSTRA, C., SIITARI, H. & 
ALATALO, R. V. (2004) Maternal antibody transmission and breeding 
densities in the Black-headed Gull Larus ridibundus. Functional Ecology, 18, 
719-724. 
MYATT, L. (2006) Placental adaptive responses and fetal programming. Journal of 
Physiology-London, 572, 25-30. 
NAGER, R. G., MONAGHAN, P., GRIFFITHS, R., HOUSTON, D. C. & 
DAWSON, R. (1999) Experimental demonstration that offspring sex ratio 
varies with maternal condition. Proceedings of the National Academy of 
Sciences of the United States of America, 96, 570-573. 
NAGER, R. G. & NOORDWIJK, A. J. V. (1995) Proximate and Ultimate Aspects of 
Phenotypic Plasticity in Timing of Great Tit Breeding in a Heterogeneous 
Environment. The American Naturalist, 146, 454-474. 
NAVARINI, A. A., KRZYZOWSKA, M., LANG, K. S., HORVATH, E., 
HENGARTNER, H., NIEMIALTOWSKI, M. G. & ZINKERNAGEL, R. M. 
(2010) Long-lasting immunity by early infection of maternal-antibody-
protected infants. Eur J Immunol, 40, 113-6. 
NEWNHAM, J. P., EVANS, S. F., GODFREY, M., HUANG, W., IKEGAMI, M. & 
JOBE, A. (1999) Maternal, but not fetal, administration of corticosteroids 
restricts fetal growth. The Journal of Maternal-Fetal Medicine, 8, 81-87. 
O'BRIEN, E. L. & DAWSON, R. D. (2009) Palatability of passerines to parasites: 
within-brood variation in nestling responses to experimental parasite removal 
and carotenoid supplementation. Oikos, 118, 1743-1751. 
OVERALL, A. D. J., AHMAD, M. & NICHOLS, R. A. (2002) The effect of 
reproductive compensation on recessive disorders within consanguineous 
human populations. Heredity, 88, 474-479. 
PARKER, T. H. (2002) Maternal condition, reproductive investment, and offspring 
sex ratio in captive Red Junglefowl (Gallus gallus). Auk, 119, 840-845. 
PARMENTIER, H. K., LAMMERS, A., HOEKMAN, J. J., DE VRIES REILINGH, 
G., ZAANEN, I. T. & SAVELKOUL, H. F. (2004) Different levels of natural 
antibodies in chickens divergently selected for specific antibody responses. 
Dev Comp Immunol, 28, 39-49. 
PEARCE-HIGGINS, J. W. & YALDEN, D. W. (2002) Variation in the growth and 
survival of Golden Plover Pluvialis apricaria chicks. Ibis, 144, 200-209. 
PETNEY, T. N. & ANDREWS, R. H. (1998) Multiparasite communities in animals 
and humans: frequency, structure and pathogenic significance. International 
Journal for Parasitology, 28, 377-393. 
PETRIE, M. & WILLIAMS, A. (1993) Peahens Lay More Eggs for Peacocks with 
Larger Trains. Proceedings of the Royal Society B-Biological Sciences, 251, 
127-131. 
Factors affecting maternal provisioning to the prenatal environment 
 123 
PIHLAJA, M., SIITARI, H. & ALATALO, R. V. (2006) Maternal antibodies in a 
wild altricial bird: effects on offspring immunity, growth and survival. J Anim 
Ecol, 75, 1154-64. 
PILZ, K. M., SMITH, H. G., SANDELL, M. I. & SCHWABL, H. (2003) Interfemale 
variation in egg yolk androgen allocation in the European starling: do high-
quality females invest more? Animal Behaviour, 65, 841-850. 
RÄSÄNEN, K. & KRUUK, L. E. B. (2007) Maternal effects and evolution at 
ecological time-scales. Functional Ecology, 21, 408-421. 
RATIKAINEN, I. I. & KOKKO, H. (2010) Differential allocation and compensation: 
who deserves the silver spoon? Behavioral Ecology, 21, 195-200. 
RÉALE, D., GARANT, D., HUMPHRIES, M. M., BERGERON, P., CAREAU, V. 
& MONTIGLIO, P. O. (2010) Personality and the emergence of the pace-of-
life syndrome concept at the population level. Philosophical Transactions of 
the Royal Society B-Biological Sciences, 365, 4051-4063. 
REID, J. M., ARCESE, P., KELLER, L. F. & HASSELQUIST, D. (2006) Long-term 
maternal effect on offspring immune response in song sparrows Melospiza 
melodia. Biology Letters, 2, 573-576. 
REYER, H. U., FREI, G. & SOM, C. (1999) Cryptic female choice: frogs reduce 
clutch size when amplexed by undesired males. Proceedings of the Royal 
Society B-Biological Sciences, 266, 2101-2107. 
ROSE, M. E. & LONG, P. L. (1971) Immunity to Coccidiosis - Protective Effects of 
Transferred Serum and Cells Investigated in Chick Embryos Infected with 
Eimeria-Tenella. Parasitology, 63, 299-&. 
ROYLE, N. J., SMISETH, P. T. & KO\LLIKER, M. (2012) The evolution of 
parental care, Oxford, Oxford University Press. 
RUTSTEIN, A. N., GILBERT, L., SLATER, P. J. B. & GRAVES, J. A. (2004) Mate 
attractiveness and primary resource allocation in the zebra finch. Animal 
Behaviour, 68, 1087-1094. 
RUTSTEIN, A. N., GILBERT, L. & TOMKINS, J. L. (2005) Experience counts: 
lessons from studies of differential allocation. Behavioral Ecology, 16, 957-
960. 
RUXTON, G. D. & COLEGRAVE, N. (2011) Experimental design for the life 
sciences, Oxford, Oxford University Press. 
SAINO, N., BERTACCHE, V., FERRARI, R. P., MARTINELLI, R., MOLLER, A. 
P. & STRADI, R. (2002a) Carotenoid concentration in barn swallow eggs is 
influenced by laying order, maternal infection and paternal ornamentation. 
Proceedings of the Royal Society B-Biological Sciences, 269, 1729-1733. 
SAINO, N., FERRARI, R. P., MARTINELLI, R., ROMANO, M., RUBOLINI, D. & 
MOLLER, A. P. (2002b) Early maternal effects mediated by immunity 
depend on sexual ornamentation of the male partner. Proceedings of the 
Royal Society of London Series B-Biological Sciences, 269, 1005-1009. 
Factors affecting maternal provisioning to the prenatal environment 
 124 
SAINO, N., ROMANO, M., FERRARI, R. P., MARTINELLI, R. & MØLLER, A. 
P. (2003) Maternal antibodies but not carotenoids in barn swallow eggs 
covary with embryo sex. Journal of Evolutionary Biology, 16, 516-522. 
SANTOS, E. S. A., SCHECK, D. & NAKAGAWA, S. (2011) Dominance and 
plumage traits: meta-analysis and metaregression analysis. Animal Behaviour, 
82, 3-19. 
SCHADE, R., PFISTER, C., HALATSCH, R. & HENKLEIN, P. (1991) Polyclonal 
Igy Antibodies from Chicken Egg-Yolk - an Alternative to the Production of 
Mammalian Igg Type Antibodies in Rabbits. Atla-Alternatives to Laboratory 
Animals, 19, 403-419. 
SCHNEIDER, W. J., OSANGER, A., WACLAWEK, M. & NIMPF, J. (1998) 
Oocyte growth in the chicken: Receptors and more. Biological Chemistry, 
379, 965-971. 
SHARMA, J. M. (1991) Overview of the Avian Immune-System. Veterinary 
Immunology and Immunopathology, 30, 13-17. 
SHELDON, B. C. (2000) Differential allocation: tests, mechanisms and implications. 
Trends in Ecology & Evolution, 15, 397-402. 
SHELDON, B. C. & VERHULST, S. (1996) Ecological immunology: costly parasite 
defences and trade-offs in evolutionary ecology. Trends in Ecology & 
Evolution, 11, 317-21. 
SMITH, B. R. & BLUMSTEIN, D. T. (2008) Fitness consequences of personality: a 
meta-analysis. Behavioral Ecology, 19, 448-455. 
SMITH, H. G., OTTOSSON, U. & OHLSSON, T. (1993) Interclutch Variation in 
Egg Mass among Starlings Sturnus-Vulgaris Reflects Female Condition. 
Ornis Scandinavica, 24, 311-316. 
STASZEWSKI, V., GASPARINI, J., MCCOY, K. D., TVERAA, T. & 
BOULINIER, T. (2007a) Evidence of an interannual effect of maternal 
immunization on the immune response of juveniles in a long-lived colonial 
bird. Journal of Animal Ecology, 76, 1215-1223. 
STASZEWSKI, V., MCCOY, K. D., TVERAA, T. & BOULINIER, T. (2007b) 
Interannual dynamics of antibody levels in naturally infected long-lived 
colonial birds. Ecology, 88, 3183-3191. 
STEARNS, S. C. (1992) The evolution of life histories, Oxford University Press. 
STJERNMAN, M. & LITTLE, T. J. (2011) Genetic variation for maternal effects on 
parasite susceptibility. J Evol Biol, 24, 2357-63. 
TANVEZ, A., PARISOT, M., CHASTEL, O. & LEBOUCHER, G. (2008) Does 
maternal social hierarchy affect yolk testosterone deposition in domesticated 
canaries? Animal Behaviour, 75, 929-934. 
TSCHIRREN, B., SENDECKA, J., GROOTHUIS, T. G. G., GUSTAFSSON, L. & 
DOLIGEZ, B. (2009) Heritable Variation in Maternal Yolk Hormone 
Transfer in a Wild Bird Population. American Naturalist, 174, 557-564. 
Factors affecting maternal provisioning to the prenatal environment 
 125 
TSUDZUKI, M. (1994) Excalfactoria Quail as a New Laboratory Research Animal. 
Poultry Science, 73, 763-768. 
ULLER, T., EKLOF, J. & ANDERSSON, S. (2005) Female egg investment in 
relation to male sexual traits and the potential for transgenerational effects in 
sexual selection. Behavioral Ecology and Sociobiology, 57, 584-590. 
VELANDO, A., BEAMONTE-BARRIENTOS, R. & TORRES, R. (2006) Pigment-
based skin colour in the blue-footed booby: an honest signal of current 
condition used by females to adjust reproductive investment. Oecologia, 149, 
535-542. 
VERBEEK, M. E. M., BOON, A. & DRENT, P. J. (1996) Exploration, Aggressive 
Behaviour and Dominance in Pair-Wise Confrontations of Juvenile Male 
Great Tits. Behaviour, 133, 945-963. 
VERBEEK, M. E. M., GOEDE, P. D., DRENT, P. J. & WIEPKEMA, P. R. (1999) 
Individual Behavioural Characteristics and Dominance in Aviary Groups of 
Great Tits. Behaviour, 136, 23-48. 
WALLACH, M., HALABI, A., PILLEMER, G., SARSHALOM, O., MENCHER, 
D., GILAD, M., BENDHEIM, U., DANFORTH, H. D. & AUGUSTINE, P. 
C. (1992) Maternal Immunization with Gametocyte Antigens as a Means of 
Providing Protective Immunity against Eimeria-Maxima in Chickens. 
Infection and Immunity, 60, 2036-2039. 
WALLACH, M., SMITH, N. C., BRAUN, R. & ECKERT, J. (1995) Potential 
Control of Chicken Coccidiosis by Maternal Immunization. Parasitology 
Today, 11, 262-265. 
WATSON, N. L. & SIMMONS, L. W. (2012) Unravelling the effects of differential 
maternal allocation and male genetic quality on offspring viability in the dung 
beetle, Onthophagus sagittarius. Evolutionary Ecology, 26, 139-147. 
WILSON, A. J., COLTMAN, D. W., PEMBERTON, J. M., OVERALL, A. D. J., 
BYRNE, K. A. & KRUUK, L. E. B. (2005) Maternal genetic effects set the 
potential for evolution in a free-living vertebrate population. Journal of 
Evolutionary Biology, 18, 405-414. 
WILSON, H. R. (1997) Effects of maternal nutrition on hatchability. Poultry 
Science, 76, 134-143. 
ZIOMKO, R., KARAMON, J., CENCEK, T., GORNOWICZ, E., SKORACKI, A. & 
ASHASH, U. (2005) Prevention of broiler chick coccidiosis using the 
inactivated subunit vaccine CoxAbic (R). Bulletin of the Veterinary Institute 





Factors affecting maternal provisioning to the prenatal environment 
 126 
 






Exploratory behaviour (Chapter 2) 
 
A.1.1 Behavioural traits and maternal allocation 
Maternal condition has been linked to various personality traits, therefore personality 
traits could relate to allocation decisions when paired to attractive or unattractive 
partners. An individual’s behavioural traits in a wild environment could give them a 
better chance of getting resources or chance of survival against predators, therefore 
they can have fitness consequences (Adriaenssens and Johnsson, 2013) and could 
covary with life-history traits (for review see, Réale et al., 2010). A behaviour which 
can give an individual a lot of information about their environment is exploratory 
behaviour; in studies this behaviour has been found to be repeatable within 
individuals (Dingemanse et al., 2002) and laboratory studies of this behaviour have 
been found to correlated with types of movement in the wild (Herborn et al., 2010). 
However, the relationship between laboratory tests of exploration and wild 
equivalents may not always be correlated and may be context specific (Minderman et 
al., 2010). Despite these inconsistencies in the research between wild and laboratory 
studies, exploratory behaviour and fast exploration has been shown in male great tits 
to include individuals likely to be of a high aggression, whereas, slow explorers have 
been shown to be relatively non-aggressive and shy (Verbeek et al., 1996, Verbeek et 
al., 1999). These sorts of behavioural traits have been linked to life history traits in a 
number of studies. Although there is not a large amount of evidence directly related 
to DA theory, a number of studies explored aggression and exploratory behaviour in 
females and males and found them to impact on reproduction (for review see, Smith 
and Blumstein, 2008). Experiments exploring female personality traits have had 
mixed findings with regard to clutch traits; with no relationship on clutch size or egg 
mass but a positive relationship between female dominance and testosterone levels in 
yolks (Tanvez et al., 2008). Comparatively, nest success, fledging size and condition 
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have been found to relate to exploratory behaviour (Both et al., 2005) and the 
number of offspring fledged has also been related to exploratory behaviour of 
mothers (Dingemanse et al., 2004). We aim to account for female traits which are 
often neglected when exploring differential allocation, to determine if all females 
respond in the same way in relation to differential allocation or if traits related to a 
females condition or behaviour cause variation in this allocation.  
 
A.1.2 Behavioural traits methodology 
Exploratory behaviour is a commonly measured trait to assess boldness, This was 
determined for each individual male and female by measuring the amount of time it 
took for an individual to emerge from a box and enter a “novel” environment. 
Personality tests were conducted outwith the home cage of the focal bird. An 
experimental cage was established (800 x 500 x 375 mm) similar to the home cage 
(food and water was also provided). The cage included a box filled with wood chip 
with a door through which a test bird could enter the novel environment. Each bird 
was individually removed from their home cage and placed directly into the box. 
After two minutes the observer opened the door of the box, stepped behind screen, 
and began timing (the focal bird was observed via a small gap in the screen). The 
time taken for the individual to leave the box was recorded and if it took more than 5 
minutes for the individual to appear from the box the individual was marked as > 5 
minutes (6 male, 3 female). Repeatability of this behavioural trait was determined 
using three recordings per individual of time to enter a novel environment (randomly 
allocated order), the intraclass correlation coefficient for these measures was r= 
0.754 (n=44 individuals). Rank order of boldness was highly consistent between the 
three measurement periods; rs= 0.67, p <.0001(Spearman’s ρ correlation).  
 
A.1.3 Behavioural traits results 
There was a significant correlation between male exploratory behaviour and badge 
area; r= 0.288, d.f =19, p= 0.036, however male exploratory behaviour was never 
retained in any models. 
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Female exploratory behaviour was positively related to egg mass; t= 2.25, p= 0.0289 
but this relationship did not show any relationship with male traits. Females who 
spent a shorter time leaving the box had eggs of a greater egg mass (Figure A.1), 
suggesting that this personality score (exploratory behaviour) may reflect some 
underlying condition of a female, although no correlation between initial female 
condition index and personality score found; r= 0.041, p= 0.507 (Pearson’s 
correlation). 
 
Exploratory behaviour had no significant relationship with egg viability; z = -0.62, 
p= 0.531. There was also no relationship between exploratory behaviour and 




Figure A.1 Individual egg mass per egg laid in relation to female exploratory 
behaviour (time to enter novel environment). Regression line indicates positive 
relationship; t= 2.25, p= 0.0289. 




A.1.4 Behavioural Traits Discussion 
A.1.4.1 Male exploratory behaviour 
Although there was evidence for female allocation via cues from male badge size, 
and male badge size correlated with male exploratory behaviour, there was no 
relationship between reproductive allocation and male personality, which may be due 
to the type of personality trait measures. In a recent meta-analysis (Smith and 
Blumstein, 2008) the authors found that behavioural traits related to boldness across 
species appeared to co-vary with reproductive success (in particular males), whereas 
exploratory behaviour appears to be more linked to survival. However it has been 
documented in many species that dominance and plumage have a positive 
relationship (for review see, Santos et al., 2011), therefore any relationship found 
may have co-varied with the findings for male badge size. Therefore the lack of 
effect of male exploratory behaviour may be due to using this trait and a dominance 
trial would be useful to determine if this personality trait influenced females along 
with the size of badge a male has. 
 
A.1.4.2 Female exploratory behaviour 
There appears to be a relationship with the female personality trait that was recorded 
(exploratory behaviour) and egg size. Females who were faster to explore a novel 
environment produced larger eggs than females who were slower (in clutch 1 and 
when not accounting for initial male carry over effect), suggesting that the 
personality score collected may represent a female trait linked to reproduction. This 
type of finding is not as well documented in the literature, and the studies there are 
show mixed results; no relationship between maternal social hierarchy with clutch 
size or egg mass (Tanvez et al., 2008), compared to positive relationship between 
exploratory behaviour and fledging success (Both et al., 2005). 
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